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ABSTRACT

In this study, a complete two-dimensional anatomical model of the rabbit heart was constructed by
Zhang et al. The positive effects of external noise stimulation on cardiac pacemaking and conduction
have been studied using computer simulations. Our results show that: 1) the slower pacemaking rate
or even oscillation cessation, which is induced by the removal of Na from the sinoatrial node or a
decrease in the active sinoatrial node cell population, can be recovered by adding external noise. 2)
Compared to the effect of !va removal alone, the combined effect of ‘¥« and cell death had a greater
impact on slowing down the pacemaking rate. These phenomena indicate that external stimuli play an
important role in controlling the initiation and conduction of sinoatrial node pacemaker activity, and
that the aging heart may experience obstruction of sinus node conduction and even sudden cardiac
death due to decreased cell membrane ‘¥ or partial myocardial cell death. Our results provide
insights into the intrinsic mechanisms underlying electroshock healing in some heart diseases.
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1. Introduction

Noise in electronic circuits refers to the random signals generated in electronic equipment. These
random signals can interfere with normal electronic signal transmission and processing, reducing the
performance and reliability of the equipment. In circuit design and application, it is crucial to
understand and deal with the problem of noise in circuits [1-4]. In electronic circuits, noise is any
voltage or current that is not associated with the desired signal. Noise can be categorized into several
different types, such as thermal noise, subrhenian noise and gap noise. The most common of these is
thermal noise. Noise interferes with the transmission and processing of normal electronic signals,
leading to degradation of signal quality and affecting the performance of electronic systems [5-8].

An oscillator circuit is a circuit capable of generating periodic electrical signals, which has a wide
range of applications in electronics. The basic components of an oscillator circuit include an amplifier,
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a feedback circuit and a frequency selection network [9-11]. When the amplifier amplifies the signal
in the circuit, the feedback circuit returns part of the signal back to the amplifier, thus forming a closed
loop. The frequency selection network is used to select the oscillation frequency of the circuit. In an
oscillator circuit, the frequency selection network plays a crucial role [12-15]. It selects the oscillation
frequency of the circuit and ensures that the circuit oscillates stably at that frequency. Frequency
selective networks are usually composed of capacitors and inductors, which form a resonant loop to
select the frequency of oscillation of the circuit. Oscillator circuits are widely used in radio
communications, computers, audio equipment and other fields [16-19].

In this study, to evaluate the functional roles of external noise stimulus on the initiation and conduction
of pacemaker activity, a series of simulations were performed under i,, removal from SA node
conditions, decrease in active SA node cell population, or a combination of both.

Our results showed that abnormal fluctuations in heart rate can be recovered by external noise stimuli
and can help the SA node drive the atrial muscle, indicating that external fluctuations play an
important role in controlling the initiation and conduction of pacemaker activity. Furthermore, we
found that the combined effect of i,, removed and cell death slowed down the pacemaking rate. In
addition, we discuss the relationship between i,, and aging.

2. Model development

The pacing activity and conductivity of the heart depend not only on the characteristics of SA node
cells and the spatial structure of myocardial cell tissue, but are also closely related to the connection
with surrounding myocardial cells and the regulatory role of the nervous system. This study adopted
the complete two-dimensional experimental anatomical model of rabbit SA node atrial muscle cells
proposed.

Based on the electrophysiological characteristics of cells and experimental data, the dynamic equation
of the action potential of each myocardial cell can be expressed as:

a_ —L(z’ +i +i)

i C Na Tl acn T hot (1)
where 7 is the membrane potential of the cell (in mJ} ), t is the time, C, is the membrane
capacitance of the cell (in xF'), i,, isthe current of TTX-sensitive Na+, i, ,., is the current of the
acetylcholine-activated potassium channel, and i is the total membrane ionic channel current
exceptfor i,, and i, ,, inacell. The meaningsand values of each physical quantity and parameter
in the equation are detailed in literature.

The current i, ,. contains conductivity g, ., is closely related to acetylcholine, which satisfies

the following equation:
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where g, ., is the conductivity (s ), [K], is the extracellular potassium ion concentration (in
mM), and [ACh] is the acetylcholine concentration (M).

The equation for i,, is as follows:

. Ver(V—EMF/RT)—l
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where g, isthe conductivity of the sodium ion channel, and k is the gene mutation parameter. As K



OSCILLATION CESSATION DUE TO REMOVAL OF NA* CURRENT RESTORED 8663

changes, it indicates that the sodium ion flow entering the myocardial cells is disrupted, leading to
irregular heartbeats and irregular heart rates, which can lead to two common arrhythmic diseases:
Brugada syndrome and Q-T interval prolongation syndrome. The former is due to insufficient sodium
ions entering the myocardial cells (k<1), whereas the latter is due to excessive sodium ions entering
(k>1).

In this model, the effects of slowing down the pacemaking rate or even cessation can be mimicked
by removing i,, (k<1) from the SA node, cell death, or the combined action of the two. This model
was also modified to show the depressive effect of ACh, a neurotransmitter released by the
parasympathetic nervous system, on pacemaking.

A two-dimensional coupled system is constructed by selecting cells that satisfy Equation (1) as the
basic unit, as follows:

o O’J)W = %, (i, )+ DXV (i, )] (5)
[65 - Cr):l (l’ x)]gNa,c + [C;; (15 ]) - 20]gNap

gy (i) = (6)

45

n_n

The grid points (i, j) represent the spatial position of each cell, the superscript "x" represents the

sinoatrial node or atrial cell, and D represents the gap junction conductance between atrial muscle
cells or SA node cells. The second term on the right side of Equation (4) represents the diffusion
coupling term between the cells, where each cell is coupled to the four nearest cells.
In this study, a two-dimensional network model of 375x45 was used by coupling cells; such as the
sinoatrial node, atrium, and connective tissue. The zero-flux boundary conditions are used to
numerically solve equations (4) and (5) by using the five point difference method, with a time step of
0.05ms and a spatial step of 0.04 mm selected.

3. Results and Discussion

3.1. The effect of sodium ion channel current changes on SA node pacing activity

The sodium current i,, in SAnode cellsis an important parameter for controlling the cardiac rhythm;
when i, decreases, the membrane voltage oscillation of SA node cells weakens or even stops.
Simulations have shown that blocking the SA node i,, results in an increase in pacemaking CL (the
time interval between two successive pacemaking action potentials) (equivalent to a decrease in
pacemaking rate) and SA node-atrium conduction time (SACT). Reduction of i,, canalso produce the
SA node-atrium conduction block, in which action potentials originating from the SA node fail to
conduct into the atrium or terminate the SA node pacemaker activity.

The simulation results reproduce this conclusion, when the sodium conductivity g, decreases to
90%, 80% and 70% of the original value (k=0.9, 0.8, 0.7), the cycle of action potential (CL) are 370ms,
374ms and 376ms, respectively, an increase of 6ms, 10ms and 12ms compared to the normal g,
vibration period of 364ms, it indicates that the pacing activity of the SA node weakens with a decrease
in g,,.When g, decreased to 60% of its original value (k=0.6), a dead beat occurred in the SA
node pacing activity.

When the sodium conductivity g, increased to 120%, 140%, and 160% of the original value
(k=1.2,1.4,1.6), the CL values were 354ms, 342ms, and 330ms respectively, a decreases of 10ms, 22ms
and 34ms compared to the normal g,, vibration period of 364ms.

The simulation results further indicate that k<1 causes bradycardia or sinus arrest of the SA node
pacing activity, whereas K>1 accelerates the pacing activity of the SA node, resulting in sinus
tachycardia and atrial fibrillation symptoms.
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3.2. The restoration effect of external noise

The pacing activity of SA node cells is regulated by the concentration of 4ACh secreted by the nervous
system, which is influenced by the noise in the external environment of the system. ACh plays a
crucial role in the nervous system, by transmitting signals between neurons and by controlling the
excitation and inhibition of cells. Therefore, the expression for ACh concentration under the
influence of external noise can be described by the following equation:

[ACh] =[ACh], x[1+ &(1)] (7)

where [ACh], can be set as a constant value, 1.0x107 M, and &(¢) is color noise. Changes in the
impact of color noise on the human vagus nerve can be used to obtain the impact of noise on the heart
rate, and its differential equation can be expressed as follows:

dg(’) [T ()£ 7 (8)

Where p is the intensity of the colored noise and 7 is the correlation time. T'(¢)is a Gaussian
white noise that satisfies <F(t)r(t’)> =c’d(t—1") and <F(t) = O>. Gaussian white noise was randomly
generated through a digital simulation using a digital generator.

Cardiac arrest is often the direct cause of sudden cardiac death and is mainly caused by arrhythmias.
However, prolonged abnormal pacing activity in the SA node can lead to the clinical symptoms of
sudden cardiac death. Immediate cardiac resuscitation and early defibrillation after cardiac arrest are
key to preventing death. Therefore, to restore the heart to a normal state, we simulated the disturbance
of external environmental color noise to eliminate the dead vibration phenomenon.

We know that the sodium conductivity was adjusted to 60% g,, of normal (k=0.6), the SA node
system only vibrated for 2.4s before exhibiting a dead vibration (Figure 1. A). To allow the heart cells
to vibrate again and return to a sustained oscillatory state, in the simulation, we introduce colored
noise, as shown in equation (6-7) and adjust its noise intensity and correlation time to an appropriate
value.

As shown in Figure 1. B, after SA cell oscillation death, the transient colored noise stimulus at the
3rd second position was introduced, and the colored noise stimulus with a length of 3 s. From Figure
1. B, it can be seen that the stimulation of color noise of this intensity did not immediately restore the
oscillation of the sinoatrial node, but rather started oscillation after a 3-second interval of action time.
Figure 2. A shows the corresponding CL-t graph, and the CL after restoring pacing to noise stimulation
is consistent with the normal pacing cycle.
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Fig. 1. A. Action potentials recorded from cells with removal of i), by 60% (k=0.6); Figure 1. B. After the SA cells

oscillation death, the colored noise stimulus by the length of 3 seconds is introduced, the noise intensity © =500,
correlation time 7 =3000.

Further research has found that the stimulus recovery effect of colored noise is related to its
correlation time. When the correlation time was 0, color noise stimulation of any noise intensity
immediately restored the normal oscillation of the sinoatrial node, without the need for a brief
transition time. However, during the stimulation period, the CL value was slightly higher than the
normal vibration value, and after the stimulation period, it reached a normal value. As is shown Figure
3. A, Color noise stimulation was introduced at the 3rd second, and external stimulation was stopped
at the 6th second. The sinoatrial node begins to oscillate at the 3rd second position, but within 3-6s

CL=472ms, the cycle increases and pacing activity slows down. After the 6th second, the normal value
returned to 364ms (Figure 2. B).
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Fig. 2. CL-t plots for different noise effects. A: © =500, 7 =3000;B: p=50, r=0

Compared to the given weak noise intensity, a longer correlation time actually suppresses this
restoration effect under the same correlation time; the weaker the noise intensity, the more significant
is the inhibitory effect, as shown in Figure 3. B and Figure 3. C. Only when the noise intensity is

sufficiently strong and unaffected by the correlation time can the sinus node cells be activated and
return to a sustained oscillatory state.
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Fig. 3. Oscillation

plots of colored noise stimuli with different noise intensities and correlation times. A: p =50,

r =0;B: p=0.1, 7=1600,C: p=0.02, 7=1600

Select the area with weak noise intensity o <0.2 and correlation time 7z <5000 for agraph of the
oscillation region is shown in Figure 4. where I represents an area where vibration cannot start at all,
Il represents a very brief recovery of vibration, and III represents the complete recovery of the
sustained oscillation. From the scientific research in the figure, it can be seen that color noise
stimulation with low noise intensity and a large correlation time cannot restore the normal oscillation

of the sinoatrial node. A slightly higher level of noise intensity and an appropriate correlation time for
noise stimulation can completely restore oscillation.
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Fig. 4. Oscillation region plots of weak noise intensity and correlation time

The simulation shows that abnormal situations with k<1 can be restored using the colored noise in
equation (6-7), but this colored noise with K>1 cannot restore it to its normal state and requires other

noises to restore it.
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3.3.  The effect of the proportion and distribution of dead cells in myocardial cells

A complete two-dimensional network model consisting of 375x45 rabbit sinus nodes and surrounding
atrial muscle cells coupled with cells, such as the sinus node, atrium, and connective tissue, is shown
in Figure 5 (color). This is a complex system with smaller central cells than peripheral cells and poor
tissue connectivity. To study the effect of cell death on cardiac pacing activity, it was first assumed that
dead cells were randomly distributed throughout the entire cardiac slice, and the above two-
dimensional coupled model was used for the simulation.

Fig. 5. Two-dimensional network model of a complete rabbit sinus node.

Key cell types: 0, empty 1, connective tissue, 2 atria, 3 SAN periphery, 4 SAN center, 5 blood vessels,
6 block zone

The simulation shows that a decrease in the number of active SA node cells slows down the pacing
rate, which is mainly manifested by an increase in the cycle of action potential (CL). The more dead the
cells, the greater the CL, which means that the pacing rate of the heart slows down with an increase in
the number of active cell deaths. As shown in Figure 6. A, the proportion of dead cells reached 10%
(the number of dead cells was 375 x 45 x 10%), with CL=374ms, which was 10ms more than the cell
cycle without death CL=364ms. When the number of active cells decreased to 15%, the sinoatrial node
lost pacing activity and could not drive the atrial muscle (Figure 6. B), which is similar to the 16% cell
death rate reported in elderly patients in clinical practice.

This article also discusses the combined effect of cell death in the SA node and decrease in i,
caused by g, reduction during SA node pacing. The results show that the combined effect of the
two has a greater impact on slowing down the cardiac pacemaking rate and producing impairment of
impulse initiation and conduction that leads to SA node-atrium conduction exit block. As shown in
Figure 6. C, when 10% of the cells died and sodium conductivity was reduced to a normal 60% (k=0.6)
combined effect, the SA node quickly lost pacing activity and could not conduct conduction in time or
drive the atrial muscle normally.
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Fig. 6. Schematic diagram of the sinus node pacing signal transduction in the sinoatrial node with different cell death
ratiosand g,,

Ion flow through the myocardial cell membrane affects the electrical activity of the heart and plays
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a crucial role in the cardiac characteristics and function. Changes in the ion flow can cause abnormal
conduction of cardiac excitement, leading to arrhythmias. Under normal conditions, i,, participates
in the rapid 0-phase depolarization of the action potential. therefore, the pacing activity of SA node
cells follows a normal rhythm, and the time series diagram of their i,, is shown in Figure 7. A. If
external factors affect the rapid repolarization current of myocardial cells, the inward sodium ion
current density decreases, and the depolarization rate slows down. For example, increasing the
proportion of dead cells can lead to changes in the i,, and irregular oscillation sequences of i,,
(Figure 7. B), and inhibition of pacing activity (Figure 7 C).

It can be said that the decrease in i,, activity in the main channel current may lead to the dead
vibration behavior of SA node cells, which means that the pacing and conduction of SA node cells are
usually inhibited by the decrease in i,,.
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Fig. 7. Time series diagram of i, recordings from an SA node cell under different conditions. A: No cell death; B: 10%
cell death; C: 15% cell death.

4. Conclusions and Discussion

In this study, we used a 2D anatomical model of the intact SA node and atrium to evaluate the
functional roles of external noise simulation in driving the SA node. We found that, on the one hand,
for an i,, that was removed from the SA node, the color noise resulted in the heart cells initiating
and conducting from the time. In contrast, the proportion and distribution of dead myocardial cells
slowed the pacing rate. We also found that both dead cells and i,, that removed from the SA node
had a remarkable influence on this transition behavior.

The simulation results showed that the disturbance effect of environmental noise is introduced into

SA node cells by utilizing the regulatory effect of neurotransmitters secreted by the nervous system.
Appropriate environmental noise disturbances allow the SA node to experience dead oscillations and
resume oscillations. The restoration effect of noise is only closely related to its intensity and
correlation time, and is not directly related to the starting point of the action time.
In conclusion, external noise played an important role in the initiation and conduction of pacemakers.
Therefore, our simulation results indicate the possible influence of external noise on the pacemaking
of the SA nodes. We hope that our findings will be useful in understanding the properties of SA nodes
and the mechanisms of information processing in real human organisms.
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