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Abstract

We present an updated version of our compact multi-
functional computer model of the rabbit AV node. In addi-
tion to the previous version, the model includes autonomic
nervous system control of AV node conduction. The com-
bined influence of sympathetic and parasympathetic tones
is manifested in changes in the atrial-His bundle conduc-
tion time and regular sinus rhythm, the onset and spon-
taneous termination of atrioventricular nodal reciprocal
tachycardia, and changes in filtering function during atrial
fibrillation.

1. Introduction

The atrioventricular (AV) node transmits signals from
the atria to the ventricles, playing a vital role in syn-
chronizing atrial and ventricular contractions by providing
conduction delay and protecting the ventricles from atrial
tachyarrhythmias. The electrophysiological processes in-
side the AV node are not completely clear, and their study
through experiments is rather difficult. At the same time,
the number of computer models of the AV node with dual
pathways is limited [1–3].

Recently, we developed a compact multifunctional com-
puter model of the rabbit AV node [4]. The model in-
cludes a simplified sinoatrial node (SN), dual [fast (FP)
and slow (SP)] pathway AV node structure, AV nodal pace-
maker, and proximal His bundle. The model closely repro-
duces experimentally obtained anterograde and retrograde
conduction curves [5] and allows visualization of FP and
SP conduction in the form of ladder diagrams, providing
deeper insight into the interaction of AV nodal pathways.

The updated model incorporates the autonomic nervous
system (ANS) control and allows simulation of the com-
bined effect of sympathetic and parasympathetic parts of
ANS on AV nodal conduction. This effect manifests in
changes in atrial-His bundle conduction time and regular
sinus rhythm, the onset and spontaneous termination of
atrioventricular nodal reentrant tachycardia (AVNRT), and

alteration of filtering function in atrial fibrillation (AF) [6].

2. Model

The scheme of the compact AV node model is shown in
Fig. 1(a). Each model cell is described by Aliev-Panfilov
(A-P) model [7] given by the following set of ordinary dif-
ferential equations

V̇ = c[kV (V − a1)(1− V )− rV ] + Icoupl + Istim, (1)

ṙ = c[ϵ0 + rµ1/(V + µ2)][−r − kV (V − a2 − 1)], (2)

where V is the dimensionless transmembrane potential, r
is the gate variable, c is the time scaling coefficient, k is
the parameter controlling the magnitude of the transmem-
brane current. Parameters ϵ0, a1, a2, µ1, and µ2 deter-
mine the conduction characteristics of tissue, a1 > 0 rep-
resents the excitation threshold of quiescent excitable cells,
while a1 < 0 sets the intrinsic oscillation frequency of the
pacemaking cells [8]. The parameter values were similar
to that used in [4] and are based on rabbit experimental
data [5]. The intercellular coupling term Icoupl accounts
for the coupling asymmetry, and Istim is the stimulation
current applied to atrial cells [Fig. 1(a)].

According to the clinical and experimental data [9],
the enhanced sympathetic tone may cause AVNRT onset,
while the increased activity of parasympathetic tone slow-
ing electrical conduction in the AV node may terminate
the tachycardia [10]. With the S1S2 protocol application,
the reentrant activity appears in the range of S2 test pulses
shorter than FP effective refractory period (ERP) [11, 12].

In an attempt to incorporate the ANS control, we first
examined how the A-P model parameters k, ε0, µ1, and µ2

affect AV nodal conduction time by multiplying each pa-
rameter on a coefficient γ. Under parasympathetic domi-
nance, γ was expected to slow conduction in the SP and FP,
suppressing periodic oscillations in the AV ring (AVNRT)
and reducing the intrinsic frequency of pacemaker cells.

The effect of the A-P model parameters variation on
the AV nodal conduction curves and SN intrinsic rate is
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Figure 1. (a) Scheme of the rabbit AV node model. SN - sinus node, PS - peripheral sinus node, AM - atrial muscle, FP
- fast pathway, SP - slow pathway, PB - penetrating bundle, and HB - His bundle cells. (b) Dynamic balance between the
branches of autonomic nervous system.
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Figure 2. Influence of variation of the A-P model parameters (k, ε0, µ1, and µ2) on the shape and position of conduction
curve A2H2 (panels a-d) and sinus rate (e). Arrows indicate the increase of the multiplication coefficient.

demonstrated in Fig. 2. In the case of k, the reentrant ac-
tivity existed with slower (higher) conduction curves in the
range of dominating parasympathetic tone (γ = 0.6−1.2).
It disappeared only at γ > 1.2 with faster conduction
curves, i. e., at enhanced sympathetic tone [Fig. 2(a)]. For
the variation of ε0, the reentrant waves remain in the whole
range of γ [Fig. 2(b)]. Hence, we concluded that the pa-
rameters k and ε0 are unsuitable for mimicking ANS activ-
ity. On the other hand, with the variation of the parameters
µ1 and µ2 responsible for cell refractoriness [7], the upper
shift of the conduction curve [Figs. 2(c) and 2(d)] led to
termination of any reentrant activity. We concluded that
the combination of µ1 and µ2 best corresponds to the ANS
tone effect on AV node reported in the literature [6, 9, 10].
Figure Fig. 2(e) shows the change of SN rate with varying
multiplication coefficient for the A-P model parameters.

Thus, we implemented the effect of the ANS [Fig. 1(b)]
in our model, applying the multiplication (ANS) coeffi-
cient γ simultaneously to the parameters µ1 and µ2: µ∗

1 =
µ1/γ, µ∗

2 = µ2γ [13]. For the sake of simplicity, the same
coefficient γ was used in the model cells from SN to HB1,
including AV junctional pacemaker cells [Fig. 1(a)].

3. Results and discussion

Simulated recovery (A2H2 conduction time vs S1S2 in-
terval) and refractory (H1H2 conduction time vs S1S2 in-
terval) curves for rabbit AV node with ANS control un-
der premature atrial pacing are shown in Figs. 3 and 4.
The anterograde conduction curves have an exponential-
like shape with pronounced bending when conduction

changes from FP to SP with a reduced S2 pacing inter-
val [Fig. 3(a)]. This is essential for normal AV node op-
eration under anterograde conduction, allowing effective
conduction slowing and fast rhythm filtering, confirmed
by experimental and simulation studies [1, 2, 5]. With in-
creasing parasympathetic tone, the conduction curve bend-
ing becomes smoother and virtually disappears [Fig. 3(a)];
the ERP of SP [Figs. 3(b)] rises slower than ERP of FP
[Fig. 3(c)], leading to an increase in the difference of their
ERPs [Fig. 3(d)]. With increasing γ, the refractory curves
shift up and right in control and ablation cases [Figs. 4(a)-
4(c)], resulting in an increase of the difference in func-
tional refractory periods (FRP) [Fig. 4(d)].

At atrial pacing, due to the significant difference be-
tween ERPs of SP and FP present in an intact AV node,
only the typical slow-fast type AVNRT can be observed.
The simulated ladder diagrams in Fig. 5(a) show that only
a few echo beats appeared at γ = 1.2. Typical AVNRT
was initiated with the premature atrial impulse at dominant
sympathetic tone (γ = 0.8) and spontaneously terminated
with the rise of parasympathetic tone at γ > 1.1. The
strong short burst of sympathetic tone may also cause the
onset of the same type of AVNRT [Fig. 5(b)].

We also considered the effect of ANS on the AV node
filtering function during AF. For this purpose, we ap-
plied an atrial impulse series of NA = 2000 intervals
using correlated Pearson IV type distribution with mean
MAA = 70 ms, standard deviation SAA = 12 ms and
obtained standard His-His (HH) histograms and bidimen-
sional Poincaré plots in the wide range of ANS tones
γ = 0.8−2.0. Figure 6 demonstrates simulation results of
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Figure 3. Anterograde recovery curves (A2H2): (a) Control, (b) FP ablation, (c) SP ablation. (d) SP (=Control) and FP
effective refractory periods vs ANS coefficient γ.
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Figure 4. Anterograde refractory curves (H1H2): (a) Control, (b) FP ablation, (c) SP ablation. (d) Control, SP and FP
functional refractory periods (FRP) vs ANS coefficient γ.
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Figure 5. Calculated Lewis ladder diagrams of the excitation propagation in the AV nodal dual pathway structure from SN
to HB through FP (red traces) and SP (blue traces). Black arrowheads denote places and moments of premature stimulation.
(a) Onset of typical slow-fast AVNRT with atrial premature stimulation at enhanced sympathetic tone (γ = 0.8). (b) A short
burst of high sympathetic tone with high sinus rhythm also caused typical AVNRT. With the rising vagal tone (γ ≥ 1.2) the
oscillations terminated spontaneously in both cases.

AV node filtering function during AF with changing ANS
tone from strong sympathetic to strong parasympathetic
(γ = 0.8− 2.0). Unimodal and bimodal standard HH his-
tograms were obtained both in control cases and in cases of
SP ablation, which may indicate that the histogram shapes
depend not on the number of active AV node pathways but
mostly on the dominant tone of the ANS. After SP abla-
tion, the mean HH intervals MHH increased significantly
[Fig. 6(b)], which is consistent with clinical observations.

4. Conclusion

We developed a model of the rabbit AV node incor-
porating control of the autonomic nervous system. The
control is achieved by altering cell refractoriness using a
single coefficient, resulting in changes in nodal conduc-

tion delays and intrinsic rate of pacemaker cells. The in-
clusion of sympathetic and parasympathetic tones in our
model is qualitatively based on experimental data and clin-
ical observations and manifests in the corresponding shifts
of conduction curve. The ability of the modified model
to reproduce the effect of the ANS on AV node function
was illustrated by examples of the onset and spontaneous
termination of AVNRT and changes in nodal filtering func-
tion during AF. The modified model represents a valuable
tool for studying the AV node and opens new possibilities
for understanding cardiac electrophysiology.
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Figure 6. Standard HH histograms (top panels) and bidimensional Poincaré plots (bottom panels) calculated at different
values of ANS coefficient γ. (a) Intact AV node, (b) SP ablation case. NH is the number of beats passing His bundle, MHH

is the mean HH interval (marked also by the dashed lines), and SHH is the standard deviation of HH intervals. Red dots
correspond to the impulses entered His bundle through FP, blue - through SP.
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