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Abstract

One interesting feature of biological systems is that
minor subcellular changes can cause alterations at
the whole organ level. In the heart, the random
dynamics of cell membrane ion channels contributes
to beat-to-beat repolarization variability, which has
been related to proarrhythmic risk. Inference of
unobservable cellular parameters, such as the
number of channels, is key to characterize such
random ion channel dynamics. In this work, a
methodology based on the use of Unscented Kalman
Filters is proposed to infer the number of channel
from action potential signals, like those commonly
recorded experimentally.

Introduction

In recent years, there has been a growing interest in
the use of computational models in cadiac research
to complement experimental and clinical trials [1].
In particular, a variety of models to characterize the
electrophysiological behavior of heart cells both for
human and animals have been proposed [2].
Nevertheless, the vast majority of these models are
deterministic, i.e., they provide identical responses
for each simulated beat. Consequently, they cannot
be used to simulate variability in the action
potencial (AP).

generated by a stochastic model are used to assess
the performance of the proposed approach.

Materials and Methods

Human Ventricular Stochastic Model
In this work, a two-current model based on the
formulations of the Ten Tusscher-Panfilov (TP06)
human ventricular cell model has been implentented
[5]. Specifically, this model represents only the
rapid and slow delayed rectifier potassium currents
(IKR and IKS, respectively). Stochasticity is added
into the equations describing the gating dynamics of
these two currents by considering stochastic
differential equations (SDE) of Langevin type
driven by Wiener noise [6]. Using this approach, the
stochastic term for each ion channel gate is
inversely proportional to the square root of the
number of ion channels of that type. Synthetic AP
signals are generated with the proposed stochastic
model, where the number of ion channels is set to
NIKS = NIKR = 11000, based on results from previous
studies [6, 7]. A train of 300 beats corresponding at
1 Hz pacing is simulated using this stochastic
model.

Beat-to-beat variability (also known as temporal
variability) is related to proarrhythmic risk [3].
When observed at a single myocyte scale this
variability has been associated to the randomness in
ion channel gating. The use of stochastic
computational
models,
by
allowing
a
characterization of electrophysiological variability,
may help in the understanding of proarrhythmia
mechanisms and in the design of specific clinical
therapies.

Unscented Kalman Filter
The previous two-current model in SDE is rewritten
as a state-space model composed by 5 state
variables and 2 parameters. These variables are the
action potential (AP), the potassium concentration
inside the cell (Ki), the two different types of IKR
gates (XR1 and XR2) and finally the IKS gate (XS).
The number of IKR channels and IKS channels (NIKR
and NIKS, respectively) are the two parameters of
this state-space model. In this model, the only
measured variable is the AP and we assume that it is
measured under Gaussian noise with zero mean and
unit variance.

This work proposes a novel approach based on
Unscented Kalman Filters (UKF) [4] to infer
unobservable
parameters
characteristic
of
cardiomyocyte behavior. Synthetic AP signals

In this work, the UKF method is chosen to jointly
track these state variables and estimate the
parameters from a noisy synthetic AP signal
simulated by the previous stochastic model.
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Results

The first two figures show that the UKF
methodology is able to estimate the different
variables of the space-state model. Fig. 1 illustrates
a 4-cycle-length AP. As we can observe in this
figure, the UKF method provides a suitable
estimation of the AP only from a synthetic AP
signal measured under noise conditions.
The second figure shows a 4-cycle-length sequence
of the gate variable XR1. As we can observe in this
figure, the results calculated by UKF method are
quite similar to the values obtain by stochastic
model simulation, with the additional gain of an
estimated uncertaintly band provided by the UKF.
Finally, Fig. 3 points out that UKF approach is also
valid to track variations in the number of channels.
In this scenario, the NIKR of the stochastic
simulation changes from 11000 to 14000, and UKF
is able to find a suitable estimation of the number of
IKR ion channels.
Similarly, the results for IKS ion channels are in
concordance with IKR results, for that reason only
figures with the IKR outcomes are shown.
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FIGURES

Conclusion

The promising results shown in this work
demonstrate the capability of the proposed UKF
approach to estimate unobservable cell parameters,
specifically the number of ion channel, from a
synthetic AP signal simulated by a stochastic model
with a determined setup.

Figure 1. AP used as measured variable (gray line),
measured AP without noise (red line) and AP obtained
by UKF method (blue dashed line).

Future works will involve the processing of real AP
signals obtained from human biopsies to infer the
number of ion channels presents in the different real
cardiomyocytes.
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Figure 2. XR1 gate obtained by stochastic model (red
line) and the mean (blue) ± 3 times standard desviation
(orange) of the estimated parameter obtained by UKF.

Figure 3. Simulated number of IKR channels (red line)
and the mean (blue) ± standard desviation (orange) of
the estimated parameter obtained by UKF.
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