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Artificial neural network model
for predicting changes in ion
channel conductance based

on cardiac action potential shapes
generated via simulation

Da Un Jeong & Ki Moo Lim?**

Many studies have revealed changes in specific protein channels due to physiological causes such

as mutation and their effects on action potential duration changes. However, no studies have been
conducted to predict the type of protein channel abnormalities that occur through an action potential
(AP) shape. Therefore, in this study, we aim to predict the ion channel conductance that is altered from
various AP shapes using a machine learning algorithm. We perform electrophysiological simulations
using a single-cell model to obtain AP shapes based on variations in the ion channel conductance.

In the AP simulation, we increase and decrease the conductance of each ion channel at a constant
rate, resulting in 1,980 AP shapes and one standard AP shape without any changes in the ion channel
conductance. Subsequently, we calculate the AP difference shapes between them and use them as the
input of the machine learning model to predict the changed ion channel conductance. In this study,
we demonstrate that the changed ion channel conductance can be predicted with high prediction
accuracy, as reflected by an F1 score of 0.985, using only AP shapes and simple machine learning.

The generation of action potentials (APs) in cardiomyocytes comprises five stages, and each stage contains a main
ion channel that induces a change in the membrane potential. The membrane potential of the cell maintains a
stable negative potential by potassium (K*) channels in a normal state (Phase 4). As the membrane potential of
the cell reaches the threshold potential of approximately -65 mV, the sodium (Na*) channel opens (Phase 0), and
the membrane potential changes rapidly to positive as sodium ions enter from the outside of the cell, causing an
upstroke (Phase 1). Subsequently, the Na* channel is deactivated and the K* channel is activated. Subsequently,
as the calcium (Ca?*) channel and delayed rectifier K* outward channel are opened, the AP reaches a plateau by
the inward Ca?* current and outward K* current (Phase 2). Thereafter, as the Ca?* channel is deactivated, the
membrane potential of the cell, which was in a positive state, returns close to the level of the equilibrium potential
of K*. Subsequently, the outward K* channel is closed, and the inward K* channel is opened (Phase 3). Finally,
it returns to the completely stable state of Phase 4 owing to the inward K* current'?.

APs can be altered by the change in the ion channel conductance due to various causes such as mutations
or drugs®>. Advanced studies have been performed that predicted APs based on changes in specific ion chan-
nels. In 1994, Luo and Rudy used a mathematical dynamic model to predict changes in ion currents and APs
in a ventricular cell based on variations in intracellular Ca?* concentration®. Akanda et al. predicted changes in
APs due to the biochemical changes caused by toxic drugs using a computational model and suggested that the
toxicity or effects of drugs are identifiable by analyzing APs’.

There are several studies to predict the ion channel conductance using a machine learning algorithm. Willett
and Wilton predicted the five different ion channel targets using two types of activity data through the binary
kernel discrimination for chemoinformatics®. Redkar et al. predicted the interaction of drug-target such as
the enzyme and ion channel using wrapper feature selection, class balancing and compared the performance
according to the machine learning algorithms such as Decision Tree, Extreme Gradient Boosting (XGB), Gauss-
ian Naive Bayes (GNB), K-Nearest Neighbour (KNN), Random Forest (RF) and so on. They suggested the RF
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APD (ms)
Abbreviation | Description Conductance (nS/pF) | Mean |SD p-value
Gy, Conductance of slow delayed rectifier K* current 0.392 311.78 |57.10 |5.03E-05
Gg, Conductance of rapid delayed rectifier K* current 0.153 296.90 |21.98 |0.23
Gy, Conductance of maximal inward K* current 5.405 301.84 |35.45 |0.0074
Gy Conductance of maximal Na* current 14.838 295.13 |2.14 0.38
Gpxa Conductance of maximal background Na* current | 0.00029 295.00 |1.15 0.99
Gear Conductance of maximal L-type Ca** current 0.0000398 27236 | 67.04 | 4.08E-06
Gyca Conductance of maximal background Ca?* current | 0.000592 29512 | 5.64 0.76
Gy Conductance of transient output K* current 0.073 294.46 |1.85 6.34E-05
Gica Conductance of maximal Ca** pump current 0.1238 295.07 |3.61 0.78
Gy Conductance of maximal K* pump current 0.0146 29294 |2.81 3.97E-20

Table 1. Statistics of APDs based on ion channel conductance.

() ® 129

Standard

AP difference (mV)

T T T 1 -120 T T T 1
250 500 750 1000 0 250 500 750 1000

Time (ms) Time (ms)

Figure 1. Action potential and action potential difference shapes. Representative action potential shapes
(a), and representative action potential difference shapes (b); action potential difference between standard
membrane potential (red line) and changed membrane potential due to change in specific ion conductance.

algorithm for drug-target interaction prediction®. Besides, Khalifa et al. predicted the blocks of sodium ion
channel using machine learning-based convolutional quantitative structure-activity relationship model, which
has a high accuracy of over 90%'°. Mei and Zhao successfully predicted the inhibitors of calcium, potassium, and
sodium channels by accuracy of 85.7% through the RF and feature extractions based on Chou’s general pseudo
amino acid!!.The aforementioned studies predicted a target ion channel that would be changed by a drug or
activity data through the machine learning. However, studies that predict changes in ion channels based on AP
shapes have not been conducted. The shape of an AP can vary based on the altered ion channel. In this study,
we generated an AP based on the change in ion channel conductance via cell electrophysiological simulation
and predicted the ion channel changed by the AP shape using a simple artificial neural network (ANN) model.

Results

Using an electrophysiological ventricular cell model, 1980 different APs were obtained based on the change in
the conductance of 10 ion channels: Gy;, Gk, Gio Gy Gonw Gear> Gocar Gror Gpcor and Gk (Table 1). Figure 1a
shows the APs during the basic cycle length of 1,000 ms based on the variation in the ion channel electrical
conductance. When no change occurred in the ion channel conductance, the action potential duration (APD)
was 295 ms (red line in Fig. 1a), and the APD due to the changes in Gk, Gki> Gear» Gior and G Were statistically
significant from the standard AP (p <0.05, Table 1). However, the APD under the conditions with changes in
Gy Gikp Gra Gone Gocar a0d Gy, had no statistical difference with standard AP (p-values>0.05). It means it is
difficult to classify which ion conductance was changed through only the APD.

Figure 1b shows the difference between the standard and simulated APs due to the change in conductance
of a specific ion channel. Changes in phases 0 and 1 of the AP due to variations in Gy, and Gg; were observed as
negative peaks in the AP difference. Besides, changes in phases 0 and 1 due to the variation in G,, were observed
in the form of positive peaks. The change in the notch of the AP due to the change in G, was observed in a
shape similar to the positive peaks due to the variation in G, in the AP difference; however, relatively low posi-
tive peaks were observed again immediately after the occurrence of the peak. The changes in the plateau (phase
2) of the AP due to the variation in G.,; was negative in the AP difference, whereas the change in phase 3 of the
AP repolarization due to variations in Gg, and Gy, was observed as a positive AP difference. The changes in the
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Figure 2. Confusion matrix and receiver operating characteristic (ROC) curves. Confusion matrix (a), ROC
curves (b), and precision-recall curves of the ANN model.

resting potential (phase 4) of the AP due to the variation in Iy; was reflected as an increase in the baseline (0
line) of the AP difference.

The confusion matrix and receiver operating characteristics (ROC) curve in Fig. 2 show the predicted results
of the ion channel, in which the electrical conductance was changed through the ANN model based on the AP
difference. Changes in Gy, Gip Gears Gior Gpca @nd Gy were accurately classified, and their F1 scores were 1.
However, the change in Gy, was the lowest, with an F1 score of 0.930. The predicted F1 scores for Gy,, Gg;, and
Gy, were 0.981, 0.964, and 0.974, respectively (Fig. 2a). Accordingly, the final F1 score was 0.985 in the predic-
tion of electrical conductance change of the 10 ion channels predicted using our proposed model. Furthermore,
the model accuracy was 0.983; the accuracies of each ion channel were 0.99 for Gy, Gy, Gya> G and Gy, and
1.00 for Gy, Gpna» Gears Gocar and G-

The predicted performance of each ion channel is shown in the ROC curve in Fig. 2b. In the ROC curve, y=x
lin represents a random classification curve. All 10 classified ROC curves of the ion channel conductance were
distributed in the left area of the random classification curve, and all area under the curve was 1, implying that
all of the ion channel conductances were accurately classified.

The model was trained with 1,584 randomly extracted data among all the 1,980 data with 10 categories, and
the performance of the model was tested using 396 data points. The predictive performance of the model con-
sidering the difference in the number of data in the 10 categories was confirmed using a precision-recall curve
(Fig. 2¢). The predicted precisions of all ion channel conductivities except Gy, were 1, and the precision of G,
was 0.87. The recall, which is the true positive rate of each ion channel and denotes sensitivity, was 0.93 for Gy,
0.96 for Gy, and 0.95 for Gyyc,. The sensitivity of the other ion channel conductance change predictions was 1.
The specificity was 0.98 for Gy, 0.93 for Gy, and 0.90 for G,,, and those for other ion channels’ conductances
were 1.

To assess the robustness, we validated the proposed model using APs generated from drug simulations. The
APs by drug effects of ibutilide, dofetilide, and diltiazem were simulated using similar protocols suggested by
CiPA projects (see the Methods section). Each drug affects the ion channel current; ibutilide inhibits Iy, dofe-
tilide inhibits Iy, and diltiazem inhibits Ir,;. The classification results for drug effects were shown in Fig. 3. Our
proposed model can precisely predict the effect of ibutilide on Gg,. Most AP shapes affected by diltiazem were
predicted as G,y but in the case of 8 samples, they were predicted as G,x. Most cases of dofetilide were classified
to Gg,, but other cases of 17 samples were classified as all labels (Fig. 3a). Accordingly, the F1 score was 0.99 for
ibutilide, 0.88 for dofetilide, and 0.89 for diltiazem. The accuracies for the prediction of drug effects were 0.99
for ibutilide, and 0.93 for dofetilide and diltiazem.

In the ROC curves, the area under the curve of G, (ibutilide) was the highest as 1.00. In G, prediction, there
was 1 case of false negative and it was reflected in the precision-recall curves (area=0.98). The area under the
ROC curves and precision-recall curves were the lowest in G, (diltiazem) as 0.88 and 0.74, respectively. Those
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Figure 3. Validation of proposed model using AP shapes with drug effects. Confusion matrix (a), ROC curves
(b), and precision-recall curves (c) for predicting the ion channel conductance by drug effects of ibutilide,
dofetilide, and diltiazem.

for G, (dofetilide) were 0.90 for ROC curves and 0.91 for precision-recall curves (Fig. 3b,c). This is because
there has never been a case where certain AP shapes were erroneously predicted as Gy,, but there were 9 cases
when it was erroneously predicted as G,;. Therefore, the specificity was 0.99 for ibutilide, 1.00 for dofetilide, and
0.90 for diltiazem. Furthermore, the sensitivity in predicting the affected G, by ibutilide was 1.00, and those in
predicting the affected Gy, and G, by dofetilide and diltiazem were 0.79 and 0.90, respectively.

Discussion

In this study, we predicted and classified the changed ion channel’s conductance based on AP shapes using a
machine learning algorithm with ANN layers. In this regard, we generated the AP based on changes in 10 ion
channels via cell electrophysiology simulation. Subsequently, we predicted the changed ion channel through the
AP difference, which was subtracted from the reference AP shape generated under the condition of the cell where
no change in the electrical conductance of the ion channel occurred in the AP due to the changed ion channel
conductance. The main results of this study are as follows:

1. The AP difference shape, which is the difference between the reference AP and the AP under the changed
conditions of the specific ion channel, reflects the change in the AP due to the variation of the ion channel.

2. Using the ANN model based on the AP difference shape, the change in electrical conductance of the ion
channel can be classified and predicted accurately by 98%.

Szentandréssy et al. quantitatively confirmed the effect of ionic current based on the short-term variability
of the APD through experiments using canine myocytes'?. They discovered that the short-term variability of
the APD was reduced by the negative feedback regulation of Ir,;, Ix,, and I, but it was increased by Iy, and
I,,- Accordingly, they suggested that these indicators can be used to identify changes in APD caused by drugs.
However, it is not trivial to predict the change in electrical conductance of a specific ion channel using the APD
only or to statistically confirm the difference (Table 1). When comparing the statistics of the APD based on the
change in ion channel conductance through cell simulation, the change in the APD due to Gy, Gyg Gpne and
Gyca did not differ statistically from the standard AP. Therefore, in this study, ion channels with changed electri-
cal conductance were predicted and classified based on the AP difference, which can reflect the morphological
characteristics of the AP shape.The Na* ions are associated with the depolarization upstroke of phase 0 of the AP
generation phase'®. The change in phase 0 based on the variation in Gy, appeared as a negative peak of the AP
difference. The I, current is known to regulate the phase 1 depolarization of AP generation in cardiomyocytes'.
Accordingly, the change in I, current due to the variation in G, can affect the depolarization peak of phase 1 in
the AP shape, and this change is observed as a positive peak in the AP difference. I, is closely associated with
the phase 2 plateau of the AP, and it regulates the repolarization duration by controlling the intracellular calcium
concentration via the calcium-induced-calcium-released mechanism'’. The change in I, was observed in the
form of a negative peak in the AP difference. The K* channels comprised a slow-delayed rectifier channel, a rapid-
delayed rectifier channel, and an inward rectifier channel, among which the phase 3 repolarization period of the
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Figure 4. Schematic illustration of the electrophysiological cell model. Electrical schematics representing
current, pump, and ion exchanger from Ten Tusscher et al., emulating cell membrane for ion transport and
sarcoplasmic reticulum within cardiac cells. “I” represents the ion currents, and “E” the equilibrium potential
of each ion; I,, Na* current; Iy;, inward rectifier K* current; I, transient outward K* current; Iy, rapid delayed
rectifier K* current; I, slow delayed rectifier K* current; I, |, L-type inward Ca** current; Iy, ¢,, Na*-Ca?*
exchange current; Iy, x, Na*-K* exchange current; I, x, K* pump current; I, ¢, Ca?* pump current; I,
background Ca?* current; Ino, v background Na* current; Ey, equilibrium potential of K*; E,, equilibrium
potential of Ca?*; Ey,, equilibrium potential of Na*; I.,,, leakage Ca* current of junctional sarcoplasmic
reticulum (JSR); ., released Ca®* current from JSR; I, absorbed Ca** current to network sarcoplasmic
reticulum (NSR); L, diffusible Ca?* current between dyadic subspace and bulk cytoplasm.

AP was regulated by the regularization of Iy, and I,'*!”. The final phase 4 of the AP generation was regulated by
Ix;» and the resting potential changed based on the variation in G;"’.

The standard AP of the control conditions measured in the experiment can change depending on the envi-
ronmental conditions of each laboratory or errors such as the handshakes of the experimenter. Because these
errors affect the AP shape of other experimental groups under certain conditions, it can affect the analysis and
interpretation of the overall experimental results. Therefore, by calculating and using the AP difference between
the AP shapes of the experimental and control groups, the effect of correction can be obtained, and the analysis
and interpretation accuracies can be improved compared with merely using the AP shape measured in the experi-
ment. Accordingly, the prediction accuracy of the variation in the ion channel conductance can be improved
using the AP difference shape instead of using the AP shape.

We tested the ANN model with various hidden layers from one to three. However, even though the number of
the hidden layers was increased, the model performance was not significantly improved. Moreover, as the com-
plexity of the model increases, the generalization was rather decreased. Therefore, we proposed the simple ANN
model with one hidden layer for predicting the changed ion channel conductance (Supplementary Table S1).
Furthermore, we checked the model performance according to the ratio of the training set and testing set which
was 60:40, 70:30, 75:25, and 80:20 to check the sensitivity of the proposed model to the training dataset. Then,
we concluded there was no significant difference in classification performances according to the ratio of the
training set and testing set (Supplementary Table S2).

For robustness, we assessed the proposed model using AP shapes with effects of drugs which are ibutilide,
dofetilide, and diltiazem. Our proposed model can predict the inhibited channel current by a certain drug. It is
known well for ibutilide to inhibit the slow rectifier potassium current (Ig,)'%, for dofetilide to inhibit the rapid
rectifier potassium current (I,)', and for diltiazem to block the calcium channel (I, ).

Contraction caused by the electrical stimulation of cardiomyocytes affects cells electrically, a phenomenon
known as a mechanoelectrical response. Mechanosensitive ion channels exist in all cells, including cardio-
myocytes, and the electrophysiological phenomena of cardiomyocytes can be affected by stretch-activated ion
channels®!. For example, the handling of the intracellular Ca** can be changed according to the mechano-electric
feedback? and the mechano-sensitive ion channels make the depolarization of cardiac fibroblasts by affecting
the APD of the myocytes®. Furthermore, the mechanosensitivity of the ion channels exist in all cell and affect
the single-channel recording technique®**. In this study, this mechanoelectrical response was not considered to
predict and classify the variation in ion channel conductance from the difference in AP shape. However, these
limitations did not significantly affect the results of the study.

Methods

Cellular electrophysiological model.  Ten Tusscher et al’s ventricular cell model that mimicked the elec-
trophysiological characteristics of cardiomyocytes was used”. The mechanism of ion exchange through the cell
membrane was expressed as a lumped-parameter circuit, as shown in Fig. 4, where “I” refers to the ion channel
current, and “E” refers to the equilibrium potential of each ion. C,, is the membrane capacitance of the cell. The
total ion current (I,,,) through the cell membrane is expressed as follows:
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Tion = INa + Ix1 + Ito + Ikr + Iks + IcaL + INa,Ca + INak + Ip.ca + Ipk + Inca + IpNa 1)

The membrane potential (V,,) of cardiomyocytes based on the ionic current was calculated using the follow-
ing equation for electrical conduction®:

de _ Iion + Istim (2)
dat Cn
where L, refers to the current caused by an external stimulus.

Simulation protocol. The ion channel current (I,,,) based on the electrical conductance (G,,) of each ion
channel is expressed based on the Hodgkin-Huxley equation as follows®*:

Lion = GionMion(Vim — E), (3)

where M,,, is a differential equation expressing the gate state of each ion channel. The reference value of each
ion channel conductance was based on that for an endocardial cell suggested by Ten Tusscher et al. (Table 1)%.
To generate the AP based on the variation in the ion channel conductance, the conductance of each ion channel
was decreased by 0.01 from 0.01 to 0.99 times, and increased by 0.01 from 1.01 to 1.99 times, resulting in a total
of 1,980 types of AP. The electrophysiology simulations of cardiomyocytes were performed with 10 pacings in a
cycle length of 1,000 ms. The simulation results were recorded every 2 ms, and the last 10 pacing cycles were used
for prediction. The membrane potential obtained from the cell without any change in the ion channel conduct-
ance was defined as the standard AP, and the AP difference was calculated by subtracting the AP owing to the
variation in the ion channel conductance from the standard AP. Finally, for the labels for the supervised learning
of the ANN model, we put the number from 0 to 9 according to the variation of each ion channel conductance.

To assess the robustness of the proposed model, we performed the electrophysiological simulation under
the drug condition and used the generated AP for the validation of the ANN model. To mimic the cardiac cell
with drug effects, we used In-vitro experiments data of CiPA (Comprehensive in vitro Proarrhythmia Assay)
project group?. First, we bootstrapped the half-maximal inhibitory concentration (IC50) and Hill coefficient
(H) obtained from In-vitro experiments to IC 50 and H of 2,000 samples. Then, we randomly extracted the
IC50 and H of 10 samples among them and used the drug simulation as an input. The drug simulations were
conducted under the conditions of 1, 2, 3, 4, 5, 10, 15, and 20 times the Cmax of drugs, which means the highest
serum concentration after the drug has been administered and decides as their characteristics values according
to the type of drugs. Finally, we obtained 80 AP shapes for each drug condition and the total AP shapes with
drug effects were 240. The parameters for drug simulation were set the same as the original electrophysiological
simulation we mentioned in the previous paragraph. The answer labels were put according to inhibited channel
currents by each drug; G, for ibutilide's, Gy, for dofetilide’®, and G, for diltiazem?.

ANN model construction. The ANN model for predicting the change in the ion channel conductance
comprised one fully connected layer with 130 neurons, and the ReLU activation function® was used in the
hidden layer. The classification results were generated through the output layer, which was composed of 10 neu-
rons, where the activation function was used with the Softmax function. The categorical cross-entropy function
was used as the loss function, and Adam?® with a learning rate of 0.001 was used as the optimization function.
Seventy percent of the total data was used for model training and 20% for model testing. To prevent overfitting
due to the limited amount of data, the performance of the model was evaluated using tenfold cross-validation.

The classification performance using the proposed ANN model was evaluated based on indices of accuracy,
precision, recall, and F1 score to prevent the model from being overestimated owing to the imbalanced data in
each label®.

1 <& Y; N h(x;
Recall (sensitivity) = — Z % (4)
n i

i=1

n

1 [Y; N h(x;)]
Do

Precision = — 5

n 2= h(x) ©)
Recall™! + Precision™"\ ' Recall - Precision

Flscore = =2 — (6)
2 Recall + Precision

In Egs. (4) and (5), Y; is the true label, and h(x,) is the value predicted through the model. The correct answer
predicted through the model can be expressed as Y; N h(x;). Accordingly, the overall classification performance
for the ion channel conductance was calculated as follows:

Flgks + Flgrr + Flgk1 + Flgna + Flpna + Flcar + Flpca + FlGo + Flgpca + Flgpx
10

Flyotar =

(7)

Scientific Reports |

(2021) 11:7831 | https://doi.org/10.1038/s41598-021-87578-0 nature portfolio



www.nature.com/scientificreports/

Data availability
All datasets used in the study were generated through simulations performed by the authors based on the meth-
ods described in the text.

Received: 18 January 2021; Accepted: 30 March 2021
Published online: 09 April 2021

References
. Shih, H.-T. Anatomy of the action potential in the heart. Texas Heart Inst. ]. 21, 30-41 (1994).
. Jose, J., Mario, D., Justus, A., Omer, B. & Kalifa, J. Basic cardiac electrophysiology for the clinician. Cardiovascular Medicine (2009).
. Atrial, G. Configurations of single. Cell 368, 525-544 (1985).
. Hong, K. et al. De novo KCNQI mutation responsible for atrial fibrillation and short QT syndrome in utero. Cardiovasc. Res. 68,
433-440 (2005).
5. Hasegawa, K. et al. A novel KCNQI missense mutation identified in a patient with juvenile-onset atrial fibrillation causes consti-
tutively open I Ks channels. Heart Rhythm 11, 67-75 (2014).
6. Luo, C. H. & Rudy, Y. A dynamic model of the cardiac ventricular action potential: I. Simulations of ionic currents and concentra-
tion changes. Circ. Res. 74, 1071-1096 (1994).
7. Akanda, N., Molnar, P, Stancescu, M. & Hickman, J. J. Analysis of toxin-induced changes in action potential shape for drug
development. J. Biomol. Screen. 14, 1228-1235 (2009).
8. Willett, P. et al. Prediction of ion channel activity using binary kernel discrimination. J. Chem. Inf. Model. 47, 1961-1966 (2007).
9. Redkar, S., Mondal, S., Joseph, A. & Hareesha, K. S. A machine learning approach for drug-target interaction prediction using
wrapper feature selection and class balancing. Mol. Inf. 39, 1900062 (2020).
10. Khalifa, N., Kumar Konda, L. S. & Kristam, R. Machine learning-based QSAR models to predict sodium ion channel (Navl.5)
blockers. Future Med. Chem. 12, 1829-1843 (2020).
11. Mei, ], Fu, Y. & Zhao, ]. Analysis and prediction of ion channel inhibitors by using feature selection and Chou’s general pseudo
amino acid composition. J. Theor. Biol. 456, 41-48 (2018).
12. Szentandréssy, N. et al. Contribution of ion currents to beat-to-beat variability of action potential duration in canine ventricular
myocytes. Pflugers Arch. Eur. J. Physiol. 467, 1431-1443 (2015).
13. Liu, Y. M., DeFelice, L. J. & Mazzanti, M. Na channels that remain open throughout the cardiac action potential plateau. Biophys.
J. 63, 654-662 (1992).
14. Sah, R. et al. Regulation of cardiac excitation-contraction coupling by action potential repolarization: role of the transient outward
potassium current (Ito). J. Physiol. 546, 5-18 (2003).
15. Trautwein, W. & Hescheler, J. Regulation of cardiac L-type calcium current by phosphorylation and G proteins. Annu. Rev. Physiol.
52, 257-274 (1990).
16. Grunnet, M. Repolarization of the cardiac action potential. Dose an increase in repolarization capacity constitute a new anti-
arrhythmic principle?. Acta Physiol. 198, 1 (2010).
17. Surawicz, B. Role of potassium channels in cycle length dependent regulation of action potential duration in mammalian cardiac
purkinje and ventricular muscle fiber. Cardiovasc. Res. 26, 1021-1029 (1992).
18. Murray, K. T. Ibutilide. Circulation 97, 5 (1998).
19. Roukoz, H. & Saliba, W. Dofetilide: a new class III antiarrhythmic agent. Expert Rev. Cardiovasc. Ther. 5,9-19 (2007).
20. Basile, J. The role of existing and newer calcium channel blockers in the treatment of hypertension. J. Clin. Hypertens. (Greenwich)
6, 621-629 (2004).
21. Sachs, E. Stretch-activated ion channels: what are they?. Physiology 25, 50-56 (2010).
22. Xie, L. H,, Sato, D., Garfinkel, A., Qu, Z. & Weiss, J. N. Intracellular Ca alternans: coordinated regulation by sarcoplasmic reticulum
release, uptake, and leak. Biophys. J. 95, 3100-3110 (2008).
23. Miragoli, M., Gaudesius, G. & Rohr, S. Electrotonic modulation of cardiac impulse conduction by myofibroblasts. Circ. Res. 98,
801-810 (2006).
24. Morris, C. E. & Horn, R. Failure to elicit neuronal macroscopic mechanosensitive currents anticipated by single-channel studies.
Science (80-) 251, 1246-1249 (1991).
25. Ten Tusscher, K. H. W. J. A model for human ventricular tissue. AJP Heart Circ. Physiol. 286, H1573-H1589 (2004).
26. Hodgkin, A. L. & Huxley, A. F. A quantitative description of membrane current and its application to conduction and excitation
in nerve. J. Physiol. 117, 500-544 (1952).
27. Li, Z. et al. Assessment of an in silico mechanistic model for proarrhythmia risk prediction under the CiPA initiative. Clin. Phar-
macol. Ther. 105, 466-475 (2019).
28. Xavier, G., Antoine, B. & Yoshua, B. Deep sparse rectifier neural networks. Int. Conf. Artif. Intell. Stat. AISTATS 15, 315-323 (2011).
29. Kingma, D. P. & Ba, J. L. Adam: A method for stochastic optimization. in 3rd International Conference on Learning Representations,
ICLR 2015 - Conference Track Proceedings 1-15 (2015).
30. Fawcett, T. An introduction to ROC analysis. Pattern Recognit. Lett. 27, 861-874 (2006).

B W N =

Acknowledgments
The work reported in this paper was conducted during the sabbatical year of Kumoh National Institute of
Technology.

Author contributions

This manuscript is the intellectual product of the entire team. D.U.J. wrote the machine learning source code
and manuscript, performed data analysis, and interpreted the results. K.M.L. designed the study, and reviewed
and revised the entire manuscript based on the results. All authors have read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-87578-0.

Correspondence and requests for materials should be addressed to K.M.L.

Scientific Reports |

(2021) 11:7831 | https://doi.org/10.1038/s41598-021-87578-0 nature portfolio


https://doi.org/10.1038/s41598-021-87578-0
https://doi.org/10.1038/s41598-021-87578-0

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:7831 | https://doi.org/10.1038/s41598-021-87578-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Artificial neural network model for predicting changes in ion channel conductance based on cardiac action potential shapes generated via simulation
	Results
	Discussion
	Methods
	Cellular electrophysiological model. 
	Simulation protocol. 
	ANN model construction. 

	References
	Acknowledgments


