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We developed extended heterogeneous oscillator model of cardiac conduction
system which can demonstrate various situations of cardiac electrical activity. The model generates
realistic 12 lead ECG with artificial RR-tachogram, frequency-domain characteristics of HRV,
normally distributed additive noise and a baseline wander that couple the respiratory frequency. We
also developed simplified model of atrioventricular (AV) node dual pathway, based on nonlinear
differential equations. The model reproduces AV dual pathway conduction phenomena: normal behavior,
pacemaking, reentry, excitation propagation decay, and filtering function. We tested our AV node
model to optimize its parameters. We investigated the effect of sinusoidal AC signals on AV node
function during atrial fibrillation. We propose a model of nonlinear oscillator based on our
modification of excitable model and performed preliminary simulations. Research papers and open
source MATLAB/Simulink code were published.
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The nonlinear analysis of ECG signals is commonly used in studies of cardiac and
cardiovascular diseases. For the modeling of the electrical processes in the heart, various
modeling approaches with different levels of details have been proposed and utilized. Most of
the models describe functioning of the heart on the cellular level. Simulations on 2D or 3D
tissue slabs produce pseudo electrograms, while 3D biventricular, atrial, or whole-heart
models coupled with torso model can yield more realistic ECG signals. These models are
based on either rule-based or reaction-diffusion approaches for simulation of excitation wave
propagation and require a lot of computational resources.

There is a different class of models, which describe of heartbeat dynamics in general with
a set of ordinary differential equations. Some of the models generate synthetic ECG signals
using a dynamical system on a circle without considering structure of the cardiac conduction
system. Such oscillator models are focused on the generation of transmembrane action
potentials and the study of their synchronization, bifurcation, and chaos, but only a few are
intended for calculation of realistic ECG.

A mathematical model for the generation of ECG signals with appropriate heart rate
variability (HRV) spectra has been the subject of many research efforts. Different models that
include the effects of sympathetic and parasympathetic system in the heart rate, using a
statistical approach have been proposed. Given the importance of information obtained from
ECG recordings for medical education and equipment testing some hardware and software
simulators that offer the generation of ECG signals from all 12 leads (or some of them) have
been published. However, such implementations keep shortcomings in the amplitudes,
ranges, waveforms, and intervals of the produced signals. Most of developed ECG signal
generators reproduce only Lead II signal with physiologically right timing and profile
characteristics. Such artificial ECG simulators are based on sampled waveform previously
stored in memory. Therefore, they do not provide a useful tool to a dynamical interpretation
of abnormalities in the cardiac conduction system.

The atrioventricular (AV) node is key part of cardiac conduction system that coordinates
appropriate relationship between atria and ventricles, creating a delay to facilitate efficient
pumping of blood, protecting ventricles from atrial tachyarrhythmias, and functioning as a
subsidiary pacemaker in the case of sinoatrial (SA) node dysfunction. The very important
feature of the normal AV node is its built-in dual —fast (FP) and slow (SP) — pathway. The SP
and FP interplay may result in a clinical arrhythmia known as AV nodal reentrant
tachycardia, the most common form of paroxysmal supraventricular tachycardia. Despite
numerous experimental studies and clinical observations, the electrophysiological behavior
of AV node remains not fully understood.

Currently there are very few AV models of dual conduction pathway. The detailed multi-
variable cardiac transmembrane cellular models allow investigation of the heart rhythm
properties but are too complex and usually do not have the ability to effectively simulate
cardiac electrical activity during arrhythmia in real time.
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The goals of this project are the following.

1. Extension of our recent heterogeneous nonlinear oscillator model of cardiac conduction
system by including an artificial RR-tachogram with HRV spectrum. The modified model is
capable to generate all the standard 12 leads representing human body surface ECG.
Additionally, we introduce ambient noise and the respiratory frequency into baseline wander,
to reproduce realistic ECG signals.

2. Development of a simplified dual pathway model of AV node which should be fast
enough to allow the study of cardiac conduction phenomena at a time scale of thousands
of heart beats in real time, contain as small a number of elements as possible, and be
able to reproduce various cardiac phenomena without significant changes in its basic
structure. We also optimized the dual pathway model structure to provide acceptable
balance between the realistic physiology, structural simplicity, and efficient real-time
computation, especially taking into account future hardware model implementation with less
powerful microcontrollers. We simulated the influence of sinusoidal AC electrical signals on
cardiac electrical conduction system operation, which can serve as an alternative method of
defibrillation.
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We use as a starting point the model of cardiac conduction system consisting of sets of
heterogeneous nonlinear oscillators, which represent electrical responses of main natural
pacemakers and atrial (AT) and ventricular (VN) muscles. Sinoatrial node, atrioventricular
node, and His-Purkinje (HP) system are represented by modified Van der Pol (VdP) type
oscillators connected with time-delay coupling, and are given by sets of ordinary differential
equations. The description of the
electrical responses of AT and VN
muscles under the stimulation by the
pacemakers is based on modified
FitzHugh-Nagumo equations. The net
ECG waveform 1is calculated as a
composition of muscle electrical
responses (Mfatim 3L 1,2).
ECG tachogram signals with specific
statistics such as the mean and
standard deviation of the HR and
frequency-domain characteristics of
ECG model. HRYV incorporated the effect of both RSA
and Mayer waves in the power
spectrum by generating RR intervals having a bimodal power spectrum consisting of the sum
of two Gaussian distributions.
We synthesized the ECG waveform for each of 12 standard leads for normal and pathological
cases, as well as fit it to individual characteristics of a subject considering weighted linear
combination of the depolarization and repolarization responses. The weighting coefficients
for each lead were obtained by a fitting procedure with real ECG’s. For this purpose, we used
a supervised learning algorithm called perceptron which is the simplest type of artificial
neural network CiEZE#a3C 3).
We incorporated simplified AV node dual pathway block into our basic cardiac heterogeneous
oscillator model (Fig. 2). The
Atria”p. pathway elements - peripheral
sinoatrial node (PSA), FP and SP
units, and proximal AV node
e (PAV) are represented by
] nonlinear excitable Aliev-
3 Panfilov equations. The
A excitation is 1initiated in the
central sinoatrial node (CSA),
then propagates through PSA to
atrial muscles and FP (9 units)
Fig. 2. Scheme of the incorporation of proposed AV node dual ~ and SP (19 units) pathways,
pathway model block into our basic model of cardiac reaches PAV, and though distal
conduction system. atrioventricular node (DAV)
proceeds to His-Purkinje system
and further to ventricles. The CSA and DAV are represented by modified VAP equations. The
parameters of the model equations were scaled to produce amplitudes and durations of action
potentials close to corresponding natural cardiac pacemaker cells CHEEERSC 4,5).
To investigate the effect of AC

>

Van der Pol FitzHugh-Nagumo

‘o Atria Siow pathway stimulation on thfe AV node blo'ck

CSA MM - p.erf'orm.ance dur'lng the atrlzjll
r fibrillation, we applied a train of chaotic

M" stimuli from atria side of the model with
ac o e[en-------- randomly changed stimulus. Then
Fast pathway  to Bundle sinusoidal AC signals with amplitudes

of His less than the excitation threshold were

Fig. 3. Scheme of application of AC signals to the added (Fig. 3). The trains of stimuli were
AV node dual pathway model. exactly the same for all the cases to

clearly reveal the effect of AC signal
application GHEitiRC 6).
All the models were developed in MATLAB/Simulink environment.
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Fig. 4. Analysis of RR-intervals from R-peak
detection of the ECG signal generated using the
proposed method. (a) Variation of instantaneous
heart rate, (b) RR-intervals, (¢) calculated ECG
signal, and (d) power spectra of the RR-

intervals: top - obtained with (4) and bottom -
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Fig. 5. Calculated 12 lead ECG signals with
specific statics in the heart rate, obtained with the
proposed model (top panels). Real ECG signals
are shown for comparison (bottom panels).

from the calculated ECG.
o Fig. 6. Normal
! pacing at 70 bpm
(left) and S1-S2

protocol stimulation
(middle) with
reentry, and filtering
function (right).

We developed heterogeneous oscillator model of cardiac conduction system able to
generate the 12 lead ECG signals with appropriate heart rate variability spectra. The model
incorporates an artificial RR-tachogram with specific statistic on the heart rate with both
respiratory sinus arrhythmia and Mayer waves introduced in the HRV spectrum (Fig. 4).
Ambient noise and a baseline wander were added to account for observational uncertainty of
real ECG signals. The proposed model reproduces QT and RR intervals variations similar to
clinically observed ECGs. The model is capable to simulate accurately realistic ECG

characteristics, even local pathological phenomena (Fig. 5) Ciiakin ¢ 1,2).
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Fig. 7. AC stimulation of AV node during atrial fibrillation 5 Hz amplitude 2 a. u. (left), and 50 Hz
amplitude 30 a. u. (right).

We considered and compared three model variants with different number of pathway node
elements. All tested models were able to reproduce normal cardiac signals conduction, AV
node automaticity, reentry, and filtering function (Fig. 6) Gf3ERA ¢ 4,5).

We investigated the effect of application of sinusoidal AC signals on the atrioventricular node
during atrial fibrillation using nonlinear differential equation model. The obtained results
demonstrated that the AC application affects the AV node performance during arrhythmia

changing the nodal filtering function depending on AC signal amplitude and frequency (Fig.
7) CHERERRSC 6).
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