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Abstract— Objective: The pathophysiological role of the
small conductance calcium-activated potassium (SK) chan-
nels in human ventricular myocytes remains unclear. Exper-
imental studies have reported upregulation of SK channels
in pathological states, potentially contributing to ventric-
ular repolarization. In heart failure (HF) patients, this up-
regulation could be an adaptive physiological response to
shorten the action potential duration (APD) under condi-
tions of reduced repolarization reserve. This work aimed
to uncover the contribution of SK channels to ventricular
repolarization in failing myocytes. Methods: We extended
an in silico electrophysiological model of human ventric-
ular failing myocytes by including SK channel activity. To
calibrate the maximal SK current conductance (GSK), we
simulated action potentials (APs) at different pacing fre-
quencies and matched the AP duration changes induced
by SK channel inhibition or activation to different available
experimental data from human failing ventricles for adjust-
ment. Results: The optimal value obtained for GSK was 4.288
µS/µF in mid-myocardial cells, and 6.4 µS/µF for endocar-
dial and epicardial cells. The output of the models was com-
pared with independent experimental data for validation.
1-D simulations of a transmural ventricular fiber indicated
that SK channel block may prolong the QT interval and
increase the transmural dispersion of repolarization, poten-
tially increasing the risk of arrhythmia in HF. Conclusion:
Our results highlight the importance of considering the
SK channels to improve the characterization of HF-induced
ventricular remodeling. Simulations across various single-
cell and 1-D scenarios suggest that pharmacological SK
channel inhibition could lead to adverse effects in failing
ventricles.

Index Terms— Cardiac electrophysiological models,
heart failure, human ventricle, SK channels.
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I. INTRODUCTION

Heart failure (HF) is a condition characterized by the
deterioration of the heart’s electrical and contractile function,
resulting from structural and functional remodeling. This leads
to an inadequate pumping of blood, failing to meet the body’s
physiological and metabolic needs [1]. Often, HF is accompa-
nied by other metabolic or cardiac pathologies, such as atrial
fibrillation (AF), which is the most common arrhythmia in
clinical practice [2]. Importantly, the presence of AF further
increases the risk of mortality in HF patients with reduced
ejection fraction [3].

The small conductance (∼10 pS) calcium-activated potas-
sium (SK) channels are an important group of potassium-
selective ion channels that are garnering increasing attention
in the field of cardiac electrophysiology as a promising anti-
arrhythmic target in AF [4]. Unlike other ion channels, SK
channels do not possess a voltage sensor; they are solely
activated by calcium. SK channels are expressed in both
human atria and ventricles, but the physiological and patho-
physiological roles of SK channels are still poorly understood
[5].

While the role of SK channels in cardiac tissue remains
to be fully elucidated, it has been established that they are
dormant in health and upregulated in diseased hearts [6]–
[8]. In particular, in failing ventricular myocytes, SK channels
may be upregulated and may present increased apparent Ca2+

sensitivity, suggesting a relevant pathophysiological role in HF
[9]. Notably, experimental observations have demonstrated that
blocking SK channels leads to the prolongation of the ven-
tricular action potential duration (APD) under HF conditions,
while having no effect under physiological conditions [1].
These findings suggest that the upregulation of SK channels
in pathological conditions could be an adaptive physiological
response aimed at shortening the APD when the repolarization
reserve is compromised [10]. Nevertheless, the precise condi-
tions under which the action of these channels can be classified
as pro-arrhythmic or anti-arrhythmic are still not thoroughly
understood [11].

A powerful tool for understanding arrhythmias is the use
of computational models of cardiac electrophysiology. In par-
ticular, action potential (AP) models of cardiac myocytes can
be used to improve our understanding of cellular electrical
function under physiological conditions or in response to
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disease or drug-induced alterations [6]. While disease-specific
models have been proposed to represent HF conditions in
human ventricular cells [12], [13], these models lack an
explicit characterization of the SK current. Thus, the objective
of this study is to propose and validate a cellular model of ven-
tricular electrophysiology that can facilitate the investigation
of potential arrhythmogenecity stemming from the modulation
of SK channels under HF conditions.

II. MATERIALS AND METHODS

A. Experimental data for reference
Two previously published datasets were used for the devel-

opment and validation of the HF model with incorporation of
SK current formulation. To our best knowledge, these are the
only available experimental studies on the effect of SK channel
modulation in human failing ventricular myocytes. These
datasets contain experimental measures of human ventricular
AP variations under pharmacological SK channel blockade
(Blockade Dataset [1]) and activation (Activation Dataset [14],
[15]).

1) Blockade Dataset (BD): The first set of experimental data
used in this work was published by Bonilla and coworkers
in [1]. Full details are available in the original publication.
In short, left ventricular mid-myocardial human myocytes
were isolated from explanted end-stage failing hearts (n = 7
myocytes). APs were recorded in response to a train of 25
impulses at 0.5, 1 and 2 Hz at baseline and after apamin
perfusion. The average of the last 10 cycles was used to
calculate the APD at 50% and 90% of repolarization (APD50

and APD90). Three myocytes exhibiting late phase 3 early
afterdepolarizations (EADs) after apamin infusion at 0.5 Hz
were excluded from AP measurements. SK channel block with
100 nM apamin was found to prolong APD50 and APD90 at
all rates.

From the original dataset, we calculated the relative change
(R) in APD50 and APD90 induced by SK channel block, for
0.5 Hz, 1 Hz and 2 Hz pacing as

R =
APDapamin − APDbaseline

APDbaseline
100, (1)

where APD represents APD50 or APD90. The six resulting
R values (last column in Table II) were used as a reference
for the adjustment of the maximal SK current conductance, as
fully described in Section II-C.1.

2) Activation Dataset (AD): The second dataset used here
contained experimental measurements from human left ven-
tricular transmural biopsies and from papillary muscles and
endocardial tissues ( [14], [15]) of HF patients, which were
extracted by experienced cardiothoracic surgeons at Miguel
Servet University Hospital. Mid-myocardial tissue slices were
taken from the biopsies of 3 HF patients. Endocardial tissue
slices were obtained from the papillary muscles and endocar-
dial tissues of 23 HF patients. Upon collection, all tissues
were submerged in cold Tyrode’s solution (composition in
mM: NaCl 140, KCl 6, CaCl2 1.8, MgCl2 (·6H2O), glucose
10, HEPES 10, BDM(2,3-butanedione monoxime) 30). Tissue
slices of 350 µm thick were produced with a precision vi-
bratome and were optically mapped after staining with RH237.

APD80 was measured at baseline and after addition of 100 µM
SKA-31 (an SK-channel activator) from the voltage traces of
both mid-myocardial (AD-mid) and endocardial tissue slices
(AD-endo).

We calculated the relative decrement (D) in APD80 induced
by SK channel activation, for 0.5 Hz, 1 Hz and 2 Hz pacing
as

D =

∣∣∣∣APDSKA-31 − APDbaseline

APDbaseline
100

∣∣∣∣ , (2)

where APD represents the median APD80 over tissue slices
for each pacing frequency. The three resulting D values
(last column in Table IV) were used as a reference for the
estimation of the SKA-31 effect on the maximal SK current
conductance, as fully described in Section II-C.2.

B. Baseline cellular models

The O’Hara et al. model (ORd) [16], one of the most widely
used and extensively tested models of a human ventricular
myocyte, was selected to represent the electrophysiology of
undiseased cells. In the original ORd model, we replaced the
formulation of the fast sodium current, INa, with that of the
ten Tusscher et al. model [17] to prevent propagation failure as
proposed in [16]. Simulations with this model will be referred
to as normal conditions (NC) from here on. The three versions
of the model for epicardial, mid-myocardial and endocardial
cells were used in the simulations, as indicated in subsequent
sections.

The ORdmm model [18] was selected as starting point to
simulate the electrophysiology of failing myocytes. The OR-
dmm model is a modified version of the original ORd model
that represents the characteristic HF fenotype at the cellular
level. HF-associated remodeling is introduced by applying
scaling factors to maximal conductances and time constants
of several ionic currents and fluxes. Full details can be found
in the Supplementary material of the original article [18]. The
ORdmm model is able to reproduce the Ca2+ transients and
abnormalities in Ca2+ dynamics observed in failing human
hearts, and has served as basis for simulation studies that
have provided novel insights into the mechanisms behind HF-
associated arrhythmogenicity [13], [18], [19]. Heterogeneous
HF remodeling for endocardial, epicardial and mid-myocardial
cells was implemented as in Gomez et al. [19]. In this work,
we propose an extension of the ORdmm model to account
for the effect of the SK channels as described next. We will
refer to our new extended model as ORdmm-SK in subsequent
sections.
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C. Formulation for the SK current, ISK

To include ISK in the ORdmm-SK model, the formulation
proposed in [20] was selected as a starting point:

ISK = GSKxSK(V − EK) (3)
dxSK

dt
=

xSK,∞ − xSK

τSK

(4)

xSK,∞ =
1

1 + (Kd/CaSK)n
(5)

τSK = τ0 +
τ1

1 + (CaSK/0.1)
(6)

where GSK is the maximum conductance, xSK represents an
activation gate with activation time constant τSK, and CaSK

is the Ca2+ concentration sensed by the SK channels. In
Equation 6, the values of τ0 and τ1 were set to τ0 = 4ms
and τ1 = 20ms as in [20], based on experimental patch
clamp data. Since the formulation in [20] was proposed for
undiseased ventricular cell models, the values of the param-
eters in Equation 5 were changed in the present study to
n = 3.14, and Kd = 0.345µM , according to experimental
evidence in human HF ventricular myocytes [21], to represent
the augmented sensitivity for Ca2+ of SK channels in HF.
SK channels were set to sense Ca2+ in the subsarcolemmal
space, based on studies suggesting that L-Type Ca2+ channels
provide the immediate Ca2+ microdomain for the activation
of SK channels in cardiomyocytes [22], [23].

The value for conductance GSK was adjusted for the different
cell types from experimental data as described in the following
subsections.

1) GSK adjustment for mid-myocardial cells: For the mid-
myocardial ORdmm-SK model, the maximal conductance GSK

was adjusted so that the resulting model reproduced the
experimental AP prolongation induced by ISK block in human
ventricular failing myocytes (reference values from the BD
dataset, presented in Table II). To do so, the optimal GSK

value was determined by simulating the effect of apamin block
under conditions resembling the experimental setup, and then
minimizing the difference between the experimental (R) and
the simulated changes (S) in APD50 and APD90. For the
optimization, the following objective function was defined,
based on the method described in [24]:

f(GSK) =

6∑
i=1

(Ri − Si(GSK))
2, (7)

where Ri represents each of the six experimental reference
values, while Si(GSK) represents the corresponding simulated
change for a given conductance GSK. To compute the Si

values, the effect of apamin was simulated as complete SK
channel block (GSK = 0), since the concentration used in the
experiments (i.e. 100 nM ) was an order of magnitude higher
than the IC50 value reported in the literature [25]. A total of 20
simulations were conducted with varying GSK values, ranging
from 0 to 0.01 based on data from experimental reports [20].
The Brent’s method was employed to search for the minimum
of f [26]. The value of GSK associated with the lowest error
(minimum f ) was finally selected.

Following the determination of the optimal GSK value,
we proceded to validate the extended mid-myocardial model
against independent experimental data. Simulations were per-
formed at pacing frequencies of 0.5, 1 and 2 Hz, and the
resulting APD80 was compared to experimental measures from
the AD-mid dataset at baseline (Figure 3).

Additionally, we analyzed whether the extended model was
able to reproduce the observations by Bonilla et al. [1] that
ISK block induced EADs in several samples at slow pacing
rates, while no EADs were observed at baseline. To do so,
we conducted a sensitivity analysis to determine the influence
of ISK on the generation of EADs at a low pacing rate of 0.5
Hz. Each conductance in the model was varied by ±5% and
±10% and the absence or presence of EADs was assessed
both with and without ISK block. Finally, we carried out a
similar sensitivity analysis to explore the influence of calcium-
remodeling in the robustness of the adjustment (Supplementary
materials, section S.1.).

2) GSK adjustment for endocardial and epicardial cells: Al-
though experimental evidence is scarce, observations in human
failing myocytes suggest that the distribution of ISK is transmu-
rally heterogeneous, with the epicardial and the endocardial
layers expressing a significantly higher ISK than the mid-
myocardial layer [21]. Experimental evidence does not show
significant differences between endocardial and epicardial cells
( [21]), so no independent adjustment was made for these two
cell types and the same GSK value was assumed for both.

For the endocardial version of the extended model, the
maximal conductance GSK was re-adjusted from the one found
for the mid-myocardial cells so that the resulting model pro-
duced APD values within the range of the experimental values
(AD-endo dataset at baseline). To do so, endocardial cells
were simulated with increasing GSK values (between 100% and
200%) with respect to the baseline mid-myocardial model.
Simulations were performed at pacing frequencies of 0.5, 1
and 2 Hz. Simulated APDs were compared to experimental
measures at each frequency at baseline (dataset AD-endo
at baseline). The maximum and minimum GSK values for
which simulated APD80 matched the experimental ranges at
all frequencies were determined. The midpoint of the resulting
GSK range was finally selected (Figure 5).

Following the re-adjustment of the optimal GSK value, we
proceeded to compare the extended endocardial model’s output
against experimental data from the AD-endo dataset with SKA
31 activation, as follows. First, the effect of SKA-31 was
incorporated in the models as a scale factor modulating GSK,
with the amount of upregulation being equal for all cell types.
To do so, a suitable value for the scale factor was estimated
by performing simulations with the mid-myocardial extended
model and comparing the results with the experimental values
in the AD-mid dataset with SKA 31 activation (Table IV).
Using the same adjustment methodology as in section II-
C.1, a 165% GSK increase was estimated to reproduce the
experimental APD80 decrease induced by SKA-31 activation.
Then, that scale factor was introduced in the endocardial model
to simulate SK channel activation, and the resulting APD
values were compared to experimental values from the dataset
AD-endo under SKA-31 activation (Figure 7).
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D. Transmural fiber model

A one-dimensional model of ventricular tissue was used
to investigate the effects of SK channel modulation in two
markers of ventricular arrhythmic risk: the transmural disper-
sion of repolarization (TDR) and the QT interval prolongation
as derived from the pseudo-ECG. To simulate the electrical
activity of a transmural wedge preparation, we generated a
1.70 cm-long fiber composed of 0.60 cm, 0.45 cm, and 0.65
cm of endocardial, mid-myocardial and epicardial cells respec-
tively. Normal conditions (NC), failing conditions (FC) and
failing conditions with 100% ISK block (FCB) were compared.
The fiber was discretized with ∆x = 0.01 cm. The diffusion
coefficient was set to D = 0.06 mm2/ms (NC) and D = 0.03
mm2/ms (FC) [19] resulting in conduction velocity values of
50 cm/s in NC and 22.5 cm/s in FC. Stimuli were applied
every 1000 ms until reaching steady state. Table I shows a
summary of the conditions used in each situation.

TABLE I
SIMULATION PARAMETERS FOR THE 1D TRANSMURAL MODEL

NC FC FCB
Cell model ORd ORdmm-SK ORdmm-SK
ISK modulation — Gepi

SK =6.4 µS/µF Gepi
SK =0

Gmid
SK =4.288 µS/µF Gmid

SK =0
Gendo

SK =6.4 µS/µF Gendo
SK =0

Diffusion coefficient D=0.06 mm2/ms D=0.03 mm2/ms D=0.03 mm2/ms

Repolarization time (RT) and transmural dispersion of repo-
larization (TDR) were computed as in [19]. In short, APD90

was computed for all cells between positions 0.15 cm to 1.55
cm in the strand, to avoid border effects. Then, RT for each
cell was computed as the sum of APD90 plus the time needed
by the wavefront to reach that cell. TDR was computed as the
difference between the maximum and the minimum RT along
the fiber. Finally, the QT intervals were measured in pseudo-
ECGs, computed as the extracellular potential (Φ) recorded by
an electrode placed 1.7 cm away from the epicardial end of
the fiber, in the fiber direction.

E. Numerical simulations

Cell simulations were performed using the software DE-
NIS [27], a cardiac electrophysiology simulator based on
the CellML standard. Fiber simulations were implemented in
FORTRAN and were run using the software ELVIRA [28].
In both cases, Forward Euler method was used for numeri-
cal integration with a time step of 0.002ms. Models were
stimulated with monophasic current pulses with an amplitude
corresponding to twice the diastolic threshold (80 µA/µF
for cell and 248 µA/µF for tissue), except for single-cell
simulations that were compared to experimental data from
tissue, where an adapted biphasic stimulation waveform was
applied [29]. Models were paced for 600 cycles to ensure a
state of equilibrium. After steady-state was reached, 20 cycles
were simulated in all cases.

III. RESULTS

A. Updated model for failing mid-myocardial cells
For the mid-myocardial ORdmm-SK model, as a result of

the adjustment process, the optimal value for the SK current
conductance was found to be Gmid

SK = 4.288 µS/µF. The
extended model produced average prolongations of 23% for
APD50 and 21% for APD90 after ISK block, in range with the
reference average prolongations of 22% for APD50 and 24%
for APD90. Simulated and experimental relative changes are
summarized in Table II. Simulated AP traces at 0.5, 1 and 2
Hz are depicted in Figure 1, both with and without ISK block.
Figure 2 depicts the ISK traces, together with the underlying
[Ca2+]ss transients, at different stimulation frequencies. Sup-
plementary figures S9 to S24 show a comparison of current
traces between ORdmm and ORdmm-SK.

TABLE II
MID-MYOCARDIAL CELLS: RELATIVE APD50 AND APD90

PROLONGATION INDUCED BY ISK BLOCK AT DIFFERENT PACING

FREQUENCIES

APD marker Frequency Prolongation
Simulated Reference (R)

APD50 0.5 Hz 21.91% 22.68%
1 Hz 25.39% 26.33%
2 Hz 22.16% 15.15%

APD90 0.5 Hz 18.05% 33.19%
1 Hz 21.44% 22.73%
2 Hz 22.26% 17.25%

Upon comparison with independent experimental data (AD-
mid measurements at baseline), the new ORdmm-SK model
rendered APD80 values within the limits of experimental
measurements at all frequencies (Figure 3). Statistical analysis
based on tolerance intervals confirmed the match (see Supple-
mentary materials, section S.2.). For illustration, results with
the initial failing myocyte model (ORdmm) were also included
in the comparison.

In relation to the sensitivity analysis, the introduction of
variability in ionic currents other than ISK did not yield
observable EADs at any pacing frequency in case of active
SK channels. However, in subsequent simulations under ISK

block, EADs were found for reduced IKrin every cycle, and
for augmented INaL and ICaL in one out of every two cycles
(Table III). Figure 4 shows examples of EAD traces.

TABLE III
EAD DEVELOPMENT (DARK GREY) UNDER IONIC CURRENT VARIATIONS

AND ISK BLOCK (GSK = 0). VALUES INDICATE PERCENTAGE OF AP
WITH EADS.

IKr INaL ICaL

-10% 100%
-5% 100%
+5%
+10% 50% 50%

B. Updated model for failing endocardial cells
For the endocardial ORdmm-SK model, a range of suitable

GSK values spanning from 4.288 µS/µF to 8.654 µS/µF was
identified. The final GSK value was selected as the midpoint
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Fig. 1. Simulated APs with and without ISK block at pacing frequencies
of (A) 2 Hz, (B) 1 Hz and (C) 0.5 Hz for mid-myocardial cells.

of this range, specifically 6.471µS/µF. This value was 1.51
times higher than in mid-myocardial cells. Figure 5 depicts
the output of the adjusted endocardial model with respect to
the original experimental data and simulated AP traces at 0.5,
1 and 2 Hz are presented in Figure 6, both with and without
ISK block.

Upon comparison with independent experimental data
(AD-endo measurements with SKA-31 activation), the new
ORdmm-SK model rendered APD80 values within the limits
of experimental measurements at all frequencies (Figure 7).

C. Effects of ISK block on repolarization heterogeneity

Simulations with the transmural fiber model showed that
failing conditions (FC) increased both TDR and the QT
interval with respect to NC, and that subsequent ISK block

Fig. 2. Simulated [Ca2+]ss transients and ISK traces at different pacing
frequencies for mid-myocardial cells.

0.5 1 2
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0

Mid−myocardial cells

Frequency (Hz)
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D
80

(m
s)

ORdmm
ORdmm−SK
Experimental data

Fig. 3. The distribution of gray dots represents the experimental AD-mid
dataset at baseline (APD80 of myocardial cells) at three different stim-
ulation frequencies: 0.5, 1 and 2 Hz. Experimental data are compared
with simulated data from the new model with SK channels (ORdmm-SK)
and the model with ISK block (ORdmm) in mid-myocardial cells.
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Fig. 4. Simulated APs with (dashed line) and without (straight line) ISK

block at pacing frequency of 0.5 Hz. Under ISK block, EADs developed
for variations of: (A) 5% decrease in IKr, (B) 10 % increase in INaL and
(C) 10 % increase in ICaL.

TABLE IV
MID-MYOCARDIAL CELLS: EXPERIMENTAL DECREMENT IN APD80

INDUCED BY ISK PHARMACOLOGICAL ACTIVATION AT DIFFERENT

PACING FREQUENCIES

APD marker Frenquency Prolongation
Reference (D)

APD80 0.5 Hz 15.12%
1 Hz 13.05%
2 Hz 5.21%

(FCB) produced substantial additional increases in both mark-
ers (Figure 8).

IV. DISCUSSION

The pathophysiological role of SK channels in ventricular
electrophysiology remains to be fully characterized. In HF,
experimental studies have found significant differences in SK
channel expression and regulation with respect to healthy ven-
tricular myocytes. For example, in human ventricular tissue,
increased SK expression has been reported at mRNA [11] and
protein level [21], and pharmacological SK modulation has
been found to influence APD [1], [14]. According to our study,
the inclusion of the SK current in an electrophysiological
model of a ventricular myocyte improves the characteriza-
tion of the electrophysiological remodeling observed in HF.

0.5 1 2
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0
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0

Endocardial cells
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D
80

 (
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s)

ORdmm
ORdmm−SK
Experimental data

Fig. 5. The distribution of gray dots represents the experimental
AD-endo dataset at baseline (APD80 of endocardial cells) at three
different stimulation frequencies: 0.5, 1 and 2 Hz. Experimental data are
compared with simulated data from the new model with SK channels
(ORdmm-SK) and the model with ISK block (ORdmm) in endocardial
cells.

This updated model enables further investigation into the
proarrhythmic or antiarrhythmic effects of pharmacological
interventions targeting SK channels in HF conditions.

The updated model proposed in this study extends an
existing HF-specific ventricular electrophysiological model
(ORdmm) by incorporating an adjusted formulation for ISK.
For mid-myocardial myocytes, the updated model was ad-
justed to replicate apamin-induced APD variations observed
experimentally in human failing myocytes (see Table II) across
various pacing frequencies. Simulated and experimental APD
variations were most similar at 1 Hz pacing, while the highest
discrepancy was observed in APD90 at 0.5 Hz, where the
variation in the reference data exceeded our model’s predic-
tion. However, it is worth to note the small sample size for
0.5 Hz data, given that 3 out of 7 samples exhibited EADs
after apamin perfusion, and those recordings with EADs were
excluded from APD calculations [1]. At different stimulation
rates, although the Ca2+ transient was significantly different
(being higher and narrower at higher frequencies), the ISK

current did not vary considerably. The main reason for this
is that the Ca2+ concentration far exceeded the required
threshold for activation. An additional factor could be that,
at short pacing cycle lengths, SK channels would be rapidly
activated by elevated Ca2+, while at long pacing cycle lengths,
long Ca2+ transient duration with persistent transsarcolemmal
Ca2+ influx through L-type Ca2+ channels may also facilitate
activation of SK channels, as has been pointed out in the
literature [30].

To account for the reported transmural variance in SK chan-
nel modulation [21], we re-adjusted the maximal conductance
of ISK for the endocardial cell model. This adjustment yielded
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Fig. 6. Simulated APs with and without ISK block at pacing frequencies
of (A) 2 Hz, (B) 1 Hz and (C) 0.5 Hz for endocardial cells.

a GSK value 1.51 times greater than in the mid-myocardial
case. Given the absence of experimental data for additional
adjustments, the remaining parameters in the ISK formulation
were left unchanged with respect to the mid-myocardial model.
Nonetheless, the adjusted endocardial model produced APD90

values well within the range of the reference experimental
measurements in human failing endocardial myocytes (see
Figure 5).

For mid-myocardial cells, the updated model yielded APD80

values in good agreement with experimental ranges from
the AD-mid dataset at different pacing rates (Figure 3).
At slow pacing rates (0.5 Hz), EADs appeared under ISK

block in several variations of the model (Table III), which
is consistent with observations from Bonilla et al. [1], who
reported frequent EADs after apamin infusion but no EADs
at baseline in mid-myocardium failing ventricular cells. Our

0.5 1 2

15
0

20
0

25
0

30
0

35
0

40
0

Endocardial cells with SK activation

Frequency (Hz)

A
P

D
80

(m
s)

ORdmm−SK with SK activation
Experimental data

Fig. 7. The distribution of gray dots represents the experimental
AD-endo dataset with activator (APD80 of endocardial cells) at three
different stimulation frequencies: 0.5, 1 and 2 Hz. Experimental data are
compared with simulated data from the new model with SK channels
(ORdmm-SK) with ISK activation in endocardial cells.

Position (cm)

Time (ms)

R
T 

(m
s)

Φ
(a

.u
.)

Endocardial cells
Mid-myocardial 

cells Epicardial cells

Fig. 8. A) Repolarization time in normal (NC), failing (FC) and failing
with ISK block (FCB) conditions. B) Pseudo-ECG in normal (NC), failing
(FC) and failing with ISK block (FCB) conditions.

This article has been accepted for publication in IEEE Journal of Biomedical and Health Informatics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JBHI.2024.3495027

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



8 IEEE TRANSACTIONS AND JOURNALS TEMPLATE

simulations suggest that, at low pacing rates, SK channels may
exert an antiarrhythmic effect by compensating for the low
repolarization reserve in failing ventricles, which is in line
with experimental literature [21], [31]. In endocardial cells,
pharmacological activation of SK channels led to substantial
APD shortening, yielding APD80 values within the range of
independent experimental observations (Figure 7).

Having validated the updated model in those scenarios,
we conducted a proof-of-concept study to highlight the im-
portance of investigating the proarrhythmic effects of SK
channel modulation in failing ventricles. SK channels have
been proposed as a potential target for treating atrial fibrillation
[9]. Initially, research primarily focused on the pharmacolog-
ical effects of SK modulation within atrial electrophysiology,
assuming ISK played a minor role in ventricular function [32],
[33]. However, as our tissue simulations illustrate, ISK inhibi-
tion may have proarrhythmic effects under failing conditions.
In our simulations, SK channel block increased transmural
dispersion of repolarization and induced QT prolongation, two
manifestations that are considered to be predisposing factors
for ventricular arrhythmias. Therefore, our in silico predictions
support the notion that SK channel modulators may have
limited utility in treating atrial fibrillation in failing hearts. This
view is consistent with experimental literature questioning the
role of SK channels as atria-selective drug targets [11].

Our study has some limitations that should be considered
for future research. In the ISK formulation, we opted for
a linear current-voltage relationship, in line with the weak
rectification observed in some experimental studies [22], [34].
However, more complex rectification kinetics in SK currents
has also been reported in the literature [35]. Future research
could explore enhancing the ISK formulation by incorporating
additional rectification parameters. Other limitation of this
work is the use of relative APD prolongation instead of the
absolute value for model calibration. It is known that the
degree of APD prolongation in response to inhibition of a
repolarizing current depends on the initial APD [36]. In our
study, however, the APD simulated with the ORdmm model
was notably higher than the experimental measurements used
as reference [1]. Therefore, using absolute APD values for the
GSK adjustment would have required a previous readjustment
of the ORdmm model to fit the experimental data. Since that
approach would preclude comparisons with previous in-silico
studies [19], we opted for using relative values, thus allowing
the evaluation of the isolated effect of ISK inclusion in the
model.

While keeping the ORdmm model as the foundation for our
research allowed a direct comparison with previous studies,
other models derived from ORd have been proposed in recent
years. Having established that including the ISK current is
crucial for modeling failure conditions, future research could
focus on adapting the SK channel formulation for integration
into the ventricular model ToR ORd [37], which represents
an update of the ORd model including, among others, mod-
ifications to the ICa,L current and thus the calcium dynamics.
For such adaptation, it will be necessary consider the presence
of SK channels in the different cell compartments, since ICa,L

channels are not limited to the subsarcolemmal space in the

ToR ORd model. In our work, as a first approximation, SK
channels were assumed to be colocalized with L-type Ca2+

channels in the subsarcolemmal compartment; further research
could investigate the influence of the subcellular localization
of SK channels on AP morphology and APD dynamics.

Regarding the 1-D simulations, we retained the transmu-
rality representation from previous studies [19]. While the
behaviour of mid-myocardial cells is controversial [38], [39],
the experimental data used for reference in this study presented
a higher median APD value for mid-myocardial cells than for
endocardial cells, and the adjusted models were calibrated to
match the experimental ranges. It is to note, however, that
a single cell model is meant to represent an instance from
a diverse population. Further research on the role of SK
channels could adopt a population-of-models approach such
that the derived insights can be a more realistic reflection
of electrophysiological variability. Also, it is important to
note that in the transmural fiber model we chose the same
value for the maximal SK conductance for both epicardial
and endocardial cells. This decision was due to the lack of
additional experimental data that would allow for distinct
adjustments for epicardial cells. Therefore, our quantitative
results on TDR and QT variations should only be considered
as exploratory, since they are dependent on the interplay
between the effects of SK modulation in the different layers.
Despite this limitation, our findings emphasize the importance
of considering ventricular SK channel activity to accurately
characterize pro-arrhythmic mechanisms induced by HF.

V. CONCLUSION

Our research introduces an updated computational cell
model for representing human ventricular electrophysiology in
HF conditions. By incorporating ISK into the model, we have
highlighted the importance of considering the SK channels
to improve the characterization of HF-induced remodeling.
Our simulations across various scenarios provide evidence
suggesting that pharmacological SK channel inhibition could
lead to adverse effects in failing ventricles.
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