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Abstract

Wenckebach periodicity (Mobitz type 1 second-degree
AV block) originates in the atrioventricular node at fast
regular rhythms. It is characterized by progressive pro-
longation of conduction time until a complete block, fol-
lowed by restoration of the AV node, then the cycle repeats.
Wenckebach periodicity is a well-known clinical feature,
but the underlying electrophysiology and, in particular, the
role of the AV nodal dual pathways are not fully under-
stood. This work considers some hidden peculiarities of
Wenckebach phenomenon and its typical and atypical vari-
ants.

1. Introduction

Wenckebach periodicity (Mobitz type 1 block) is a sub-
type of a second-degree heart block when signals pass-
ing from atria through atrioventricular (AV) node progres-
sively slow down and periodically do not reach ventri-
cles [1]. It originates in the AV node at fast regular rhythms
and is characterized by progressive lengthening of conduc-
tion time until a complete block, followed by AV nodal re-
covery, then the cycle repeats. The number of inputs will
always exceed the outputs by one, and the ratio of inputs
to outputs always corresponds to (n+1)/n formula.

Typical type of Wenckebach periodicity is associated
with a repetitive group of impulses with the following
properties: (a) progressive prolongation of each atrial-His
bundle (AH) interval (corresponding to P-R interval on
ECQG), (b) the His-His (HH) interval (corresponding to R-
R interval on ECG) between the first and second conducted
impulses is the largest and between the last conducted im-
pulses, the shortest, and (c) progressive shortening of the
HH intervals [1, 2]. Atypical type (now frequently called
”common”) is defined as meeting the general phenomenon
definition but not all of the criteria. Although the phe-
nomenon is frequently observed in clinics, its electrophys-
iological background and AV dual pathway involvement
are still unclear.
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Recently, we developed a relatively simple model of
the rabbit AV node, including the dual pathways [3].
This compact mathematical model is based on the Aliev-
Panfilov model of cardiac myocyte and takes into account
available experimental data on the rabbit heart [4]. The
model is computationally efficient and reproduces many
important AV nodal behaviors, such as anterograde and
retrograde conduction curves. It allows for visualization
of the processes inside the node — the interplay of the slow
and fast pathways in the form of ladder diagrams. The
model also allows the simulation of various Wenckebach
patterns (WPs), including typical and atypical forms.

In this work, using our rabbit AV node model, we sim-
ulated the formation of both types of WP with various AV
conduction ratios and considered their features.

2. Model

The scheme of the part of the rabbit conduction sys-
tem model [3] is shown in Fig. 1. The model includes
sinus node (SN), peripheral sinus node (PS), atrial mus-
cle (AM), fast (FP) and slow (SP) pathways, penetrating
bundle (PB), and His bundle (HB). Each model cell is de-
scribed by Aliev-Panfilov model [5] given by the following
set of ordinary differential equations

V= C[kV(V — Cll)(]. — V) - TV} + Icoupl + Ist7 (D

i=cl(eo+rpa/(V+p2)) (=r —kV(V —az = 1))], (2)
where 0 < V' < 1 is the dimensionless transmembrane
potential, r is the gate variable, c is the time scaling coef-
ficient converting time into physical units, k is the param-
eter controlling the magnitude of transmembrane current.
Parameters a1, as, (1, po, and €y set up characteristics
of AV node tissue. For quiescent excitable cells, a; > 0
represents the excitation threshold, while for pacemaking
cells a; < 0 and sets the intrinsic oscillation frequency of
the cell [6]. Icoupi 1s the intercellular coupling (diffusion)
term accounting for the coupling asymmetryand /4, corre-
sponds to atrial premature pacing mimicking atrial flutter
applied to AM4 cell. The values of the parameters were
similar to that in [3].
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Figure 1. Schematic representation of the rabbit AV node model. Atrial pacing pulses are applied to AM4 cell. The
stopwatch indicates points of atria-His interval measurement. Pacemaker cells are gray-shaded.
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Figure 2. Simulated WPs 3:2 (pacing interval 115.0 ms) and 4:3 (123.0 ms) with typical form. The top panel shows
a ladder diagram with the exact timing of each model cell excitation; red and blue traces correspond to the propagation
through fast and slow pathways, and the color in the HB part corresponds to the leading pathway. Black triangles denote
the input of atrial pacing. The second panel demonstrates HH intervals, the third panel - AH intervals, and the fourth panel
- increment of AH intervals. Red squares denote FP conduction and blue circles - SP conduction. Solid lines in HH and
AH plots connect the beats in the cycle.
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Figure 3. Simulated WPs 5:4 with atypical (pacing interval 124.10 ms) and typical (125.8 ms) forms (top row), and WPs
6:5 with atypical (pacing interval 126.40 ms) and typical (126.9 ms) forms (bottom row).
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3. Results and discussion formed. Figures 2—4 present simulated WPs with various
conduction ratios. In all cases, after the AV conduction
We ran a series of simulations with fixed atrial pacing in-
tervals in the range of 105-130 ms until stable WPs were

Page 2



Atrlal pacmg |nterva| 127 30 ms WP 7 6 (Atyp|ca|)
S S S S

»/»/vuuwwv»«wwvuuwuv»«wvuvuv.

AR R iR

Atrial pacmg |nterval 127 90 ms WP 8 7 ( Atyplcal)
/ /

wvuu»«vuuy»«vuuu»«vuuy»«vuu

HRSSSRENES SRS SN

SN
AM
SP

g

180
160

S

T 140} f 140
@ 150 @ 150 [
£ E e
E 100 7.//‘./’// | .// //a‘/'/. / E e .//'/._**/‘ .//'/.—04/‘ //'
2 30| 2 30|
© 20+ £ 20¢
3 9L g
4.5 5 5.5 6 6.5 7 4.5 5
Time, s Tlme S
Atrial pacing interval: 128.30 ms, WP 10:9 (Atypical) Atrial pacing interval: 128.70 ms, WP 15:14 ( Atyplcal
- o ANV AV VAN AN
AM AM
SSRGS mww W
1) 180 ” 180
E 160 " Ete0f -\-\‘\‘\
I 140 .__./- L 140 P ‘ ‘ ‘
e (YA 2 150F
§ 100 .///0—0—0-'“'/‘ .///.—0—0-"/‘ ) § o ././‘/‘,.—A—-‘—~—~—~—T4“/‘ | ././'/‘./k
En n
% ° g 10 st \\‘—Q—A—Q—A—Q—‘r/ \‘\\
0 0 | | | |
4.5 5 6 6.5 7

Time, s

5
Time, s

Figure 4. Simulated atypical WP forms. Top row - 7:6 (pacing interval 127.30 ms) and 8:7 (127.90 ms), bottom row - 10:9

(128.30 ms) and 15:14 (128.70 ms).
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Figure 5. Simulated conduction curves of control (intact
node), FP post-ablation (SP only) and SP post-ablation (FP
only) cases. The big circle denotes the transition from FP
to SP conduction.

block, the first conducted atrial impulse propagated via FP
(marked by red squares in HH and AH plots). In contrast,
the rest of the conducted impulses passed via SP (blue cir-
cles), in accordance with experimental findings [7]. Also,
the first HH and AH intervals are the longest in all cases.
At short pacing intervals (108—124 ms), only typical WP
form was observed (Fig. 2) [1,2].

In the range of 124.1-126.9 ms we obtained both types
of WP (Fig. 3). With increasing the pacing interval, the
atypical forms with 5:4 (124.1 ms) and 6:5 (126.4 ms) AV
conduction ratios were observed first, followed by their
typical forms (125.80 ms and 126.90 ms, respectively).

The ellipse in the top left panel in Fig. 3 indicates char-
acteristic features of the atypical form - increased last HH
interval and increment of last AH interval before the con-
duction block.

With ratios greater than 6:5 (pacing interval > 127.3 ms),
only atypical WPs were obtained (Fig. 4). In the cases of
large ratios like 10:9 and 15:14, AH intervals stabilized
(AAH ~~ 0) in the middle or close to the end of each se-
quence, corresponding to clinical findings [8]. The WPs
are formed in the area around PB, where the most pro-
nounced increase in atrial-His and His-His interval delays
is observed. An ellipse on the ladder diagram in the top
left panel in Fig. 4 accentuates the area.

Figure 5 demonstrates simulated anterograde conduc-
tion curves [3]. WPs appear in the region of fast atrial pac-
ing between effective refractory periods of FP (ERPrp)
and SP (ERPsp), in particular, when the pacing interval
becomes shorter than the point of transition of conduction
from FP to SP (see Fig. 5, big circle).

As mentioned above, within each Wenckebach cycle,
the first conducted atrial impulse propagated through FP.
This is due to the pause preceding the next cycle longer
than £ R Pr p leading to full recovery of FP cells. The rest
of the impulses in the cycle passed via SP because FP was
in a refractory state.

Figure 6 demonstrates the formation of various conduc-
tion ratios at different atrial pacing intervals. The lower
panel details the zoomed range of 126—129 ms. Transi-
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Figure 6. AV node conduction ratios. The bottom panel
shows zoomed 126-129 ms interval. Areas with atypical
WPs are shaded.

tions from one stable ratio to another are accompanied by
quasi-chaotic behavior. The width of the area occupied by
the stable conduction pattern diminishes with increasing
conduction ratio. Lightly shaded areas in Fig. 6 denote the
appearance of atypical form of some mixed patterns during
the transitions between the stable patterns. For example,
then the conduction ratio decreases from 1.6 to 1.5. The
deeply shaded areas, particularly those with ratios 7:6 and
greater, correspond to the all-atypical WP form.

The slower the pacing rate, the higher the probability of
the onset of large AV conduction ratios and, consequently,
atypical WP forms. Fast atrial rates appear less frequently,
and typical forms are less likely to occur. This fact is con-
sistent with clinical observations [2, 8].

We have successfully reproduced a variety of typical and
atypical forms of WP, in accordance with experimental and
clinical data [1,2,7, 8], it is necessary to mention the dif-
ferences in heart rhythms between rabbits and humans. In
particular, with our model we obtained all typical forms of
WP at AV conduction ratios above 6:5, while in humans,
this corresponds to 4:3 [2]. It should also be noted that we
applied a regular atrial pacing rhythm that never existed
in natural situations. In reality, the heart rate variability
is always present, resulting in transitions between differ-
ent AV conduction ratios, their onset, and disappearance.
Also, it is essential to mention that all the conduction pa-
rameters are adjusted to the normal (healthy) rabbit hearts
in the present model variant. At the same time, in patho-
logical situations, the onset of spontaneous WP occurs at
much slower rhythms and with the increased FRPrp.

4. Conclusion

We simulated various Wenckebach patterns with our re-
cent model of rabbit AV node incorporating dual pathway
electrophysiology. The simulations revealed the domina-
tion of atypical Wenckebach forms with high AV conduc-
tion ratios at lower atrial pacing rates. We also observed
that Wenckebach phenomenon occurs at regular atrial pac-
ing rhythms with cycles shorter than effective refractory
periods of the fast pathway, more precisely, shorter than
the point of transition of conduction from fast to slow
pathway. According to ladder diagrams produced by our
model, Wenckebach patterns are formed around the pen-
etrating bundle, where the most pronounced increase of
atria-His and His-His interval delays occur. The results
also suggest that the interaction between the fast and slow
pathways is responsible for the onset of Wenckebach peri-
odicity.
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