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Abstract: Atrial fibrillation (AF) is one of the most common
cardiac diseases. However, a complete understanding of how
to treat patients suffering from AF is still not achieved. As
the isolation of the pulmonary veins in the left atrium (LA)
is the standard treatment for AF, the role of the right atrium
(RA) in AF is rarely considered. We investigated the impact
of including the RA on arrhythmia vulnerability in silico. We
generated a dataset of five mono-atrial (LA) and five bi-atrial
models with three different electrophysiological (EP) setups
each, regarding different states of AF-induced remodelling.
For every model, a pacing protocol was run to induce reen-
tries from a set of stimulation points. The average share of
inducing points across all EP setups was 0.0, 0.8 and 6.7 %
for the mono-atrial scenario, 0.5, 27.3 and 37.9 % for the bi-
atrial scenario. The increase in inducibility of LA stimula-
tion points from mono- to bi-atrial scenario was 0.91 ± 2.03%,
34.55 ± 14.9 % and 44.2 ± 14.9 %, respectively. In this study,
the RA had a marked impact on the results of the vulnerability
assessment that needs to be further investigated.
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1 Introduction

Atrial fibrillation (AF) is one of the most prevalent cardiac dis-
eases, affecting millions of people worldwide. Despite exten-
sive research in methodology and technology, success rates of
standard treatments like pulmonary vein isolation (PVI) have
improved only slightly pointing out the need for further inves-
tigation. Thus, significant conceptual or technological shifts
may be required to develop more effective methods to last-
ingly terminate AF [15]. The left atrium (LA) plays a crucial
role in the initiation and maintenance of arrhythmia with the
pulmonary veins having a well-studied role in the onset of AF
[9]. The cardiomyocytes on the pulmonary veins (PVs) dif-
fer from the atrial cells in that they have unique action poten-
tial characteristics making them more prone to arrhythmoge-
nesis [7]. During PVI, the PVs are electrically isolated with
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radiofrequency catheter ablation to prevent them from trigger-
ing or sustaining AF. The RA also contributes to the develop-
ment of AF. Its structures such as the appendage are involved
in arrhythmogenesis [12]. Furthermore, it was shown that ad-
ditional RA ablation can terminate AF [10]. Taking this into
account, a more comprehensive assessment of both atria may
be necessary to plan optimal ablation strategies.
In silico arrhythmia vulnerability assessment (AVA) quanti-
fies the inducibility of arrhythmias of an atrial model [2] by
identifying the number of points that can trigger a reentry.
Using AVA, it is also possible to compare different scenarios
and evaluate the impact of a specific set of parameters on ar-
rhythmia vulnerability in a controlled and reproducible man-
ner. While these assessment tools are used to identify optimal
ablation targets [4] and gain momentum clinically [5], they
mostly consider only the LA. We thus aim to evaluate the im-
pact of the RA on arrhythmia vulnerability by assessing dif-
ferences between left mono-atrial and bi-atrial scenarios.

2 Methods

We used imaging data from 5 subjects to obtain original bi-
atrial geometries [11]. For each geometry, we created a bi-
layer model with annotated anatomical regions and fiber orien-
tation with the AugmentA software [3]. The bi-atrial models
included the Bachmann bundle (BB) and three further inter-
atrial connections. Additionally, from each subject, a mono-
atrial model with only the LA was generated.

2.1 Electrophysiology

We considered three different electrical remodelling scenar-
ios by scaling the ionic conductances of the Courtemanche-
Ramirez-Nattel (CRN) model [8] between healthy myocytes
(H) and two levels of persistent AF electrical remodelling (M
and S) [13]. The AF-induced remodelling factors (see Table 1,
last row) were applied at 0 %, 50 % and 100 % for the whole
atria in the scenarios H, mild remodelling (M) and severe
remodelling (S), respectively. To take into account electrical
anatomical heterogeneity, for each scenario we modified the
maximum conductances of selected ionic channels (see Ta-
ble 1) as described in previous studies [11, 13]. The mon-
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Tab. 1: Factors applied relative to the original CRN model due to
the anatomical heterogeneity and additional AF-induced remod-
elling for the S state (last row). Bold factors differ from normal
myocardium conductances. The M state factors were obtained by
linearly interpolating the AF-induced remodelling factors at 50 %.

odomain tissue conductivities in longitudinal direction were
tuned [16] to yield a conduction velocity (CV) of 1.2, 1.0 and
0.8 m/s along fiber direction for the scenarios H, M and S, re-
spectively. The anisotropy ratios and propagation differences
due to anatomical heterogeneity were modeled as in previous
studies [13]. In total, we generated a set of ten atrial geome-
tries, 5 bi-atrial and 5 LA mono-atrial, combined with the three
EP states (H, M, S), leading to 30 different scenarios in total.
The electrical propagation in the atria was simulated in open-
CARP by solving the monodomain equation [14, 16].

2.2 Arrhythmia Vulnerability Assessment

To assess arrhythmia vulnerability in each scenario, we ran the
pacing at the end of the effective refractory period (PEERP)
protocol with an inter-point distance of 2 cm as described in
[2]. Briefly, from each stimulation point, a S1-S2 protocol was
performed to induce a reentrant arrhythmia. Each model was
initialized to a limit cycle in a single cell environment and then
prepaced four times with a basic cycle length of 500 ms in tis-
sue. For the mono-atrial models, the node with the earliest ac-
tivation on the LA in the corresponding bi-atrial model was
chosen as the first activation site. The PEERP protocol yielded
a subset of the original stimulation points from which reen-
tries were induced. The results were evaluated by comparing
the share of inducing points to stimulation points. In addition,
we classified reentries that were sustained for > 1 s as either AF
or atrial flutter (AFlut) based on the tachycardia cycle length
(TCL, 160 ms cutoff) and the presence of multiple wavefronts.
As the same induction point can cause an arrhythmia that trig-
gers, for example, AF in one atrium and AFlut in another, for
the arrhythmia classification of the same inducing point we ad-
ditionally defined 2 reference points, one in the posterior wall
of the RA and the other in the posterior wall of the LA.

Fig. 1: Ratio of inducing points (ind. pts.) to stimulation points
(stim. pts.) for the mono LA scenario (left) and the bi-atrial sce-
nario (right), with each EP state plotted separately.

Fig. 2: Ratio of inducing points to stimulation points in relation to
EP state for the mono LA scenario (left) and the bi-atrial scenario
(right).

3 Results

The ratio of inducing points to stimulation points for each sub-
ject is shown in Figure 1 and 2. The average ratio in the mono-
atrial scenario was 0.83 ± 1.86 % in the M and 7.17 ± 7.44 % in
the S state. In the bi-atrial scenario for the sames states the av-
erage ratio was 27.27 ± 8.47 % and 37.87 ± 10.65 %. Only for
the cases of subjects p3 and p5 in the bi-atrial scenario, more
reentries were induced in the M than in the S state. The inclu-
sion of the RA led to 34.6 ± 14.9 % and 44.4 ± %14.8 % more
inducing points in the LA in the M and S state, respectively
(Figure 3). From the induced reentries in the mono-atrial sce-
nario, 0 % in the M and 100 % in the S state were classified as
AF. In the bi-atrial scenario 6.5 ± 9.29 % and 83.37 ± 18.59 %
were classified as AF in at least one atrium in the M and S
state, respectively. The ratio of AF classified reentries to in-
ducing points varied between subjects (see Figure 4).

4 Discussion

We created a set of 30 simulation setups based on mono-atrial
and bi-atrial imaging data and three different EP scenarios for
5 different subjects. For each subject, we compared the num-
ber of inducing points as well as the type of arrhythmias be-
tween the mono-atrial LA scenario and the corresponding bi-
atrial scenario. We found that the inclusion of the RA leads to
a marked increase in the share of inducing points. In the mono-
atrial scenarios, no reentries were induced in the H scenarios
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and in particular for subjects p2 and p4, no point was able to
induce a reentry (see Figure 1, left). In general, we observed a
consistently lower share of inducing points when compared to
the corresponding bi-atrial scenarios. When evaluating the in-
ducibility ratio, in the mono-atrial scenario, subjects p1 and p3
were the most vulnerable, while subjects p2 and p4 were the
least vulnerable. In contrast, in the bi-atrial scenario, subject
p1 had the fewest number of inducing points, while subjects
p2 and p4 were the most vulnerable. Thus, the AVA based on
only the LA can differ once the RA is included.
The increased number of reentries observed in the bi-atrial sce-
narios could be explained by several reasons. Reentries were
often anchored around the tricuspid valve ring, the coronary
sinus, or around the inter-atrial connections, entering the LA
and RA alternately. This observation suggests that the anatom-
ical structures of the RA and the inter-atrial connections are
contributing directly to the maintenance of reentries. Regions
in the RA such as the pectinate muscles are known to promote
reentry formation [6]. According to the leading circle concept
[1], functional reentry in the atrium is facilitated by a slower
CV and a shorter effective refractory period (ERP). Addition-
ally, it is stated that regarding AF, multiple leading circles are
more likely to occur in large hearts. In the matter of slower CV,
we observed a greater share of inducing points in the S state
(CV 0.8 m/s) than in the M state (CV 1.0 m/s) in most cases
(see Figure 2). Furthermore, the RA made up 54.75 % of the
surface area in the bi-atrial geometries on average in our co-
hort of subjects. Thus, bi-atrial models provide more area for
potential leading circles, which increases the probability for
reentry formation.
We hypothesize a linear increase of the ratio of inducing points
and the AF-induced remodelling state. Some of the results
from the bi-atrial scenarios support this linear relationship
(see Figure 2). For example, subjects p1 and p4 are simulta-
neously displaying a linear increase in inducibility ratio that
corresponds to the EP modelling state. However, the share
of inducing points in the M state was higher than in the S
state in the cases of subjects p3 and p5, contrary to what was
expected. This observation strengthens the argument that for
reentry formation, there is an interplay between structural fea-
tures and EP remodelling. Considering the mono-atrial sce-
nario, if present, the number of inducing points in the S state
was always higher than in the M state. Only for subject p3
in the mono-atrial case, a linear relationship between EP state
and inducibility ratio was found, in contrast to the biatrial sce-
nario where p1 and p4 showed the same linear relationship.
Due to the very few inducing points in the mono-atrial sce-
nario, it is not possible to soundly characterize the relation.
Furthermore, we wanted to evaluate if the RA would affect

the inducibility ratio 0f the stimulation points located in the
LA. As a result, we compared the increase of inducing points,

Fig. 3: Percentage point increase of the ratio of inducing points
to stimulation points in the LA from the mono-atrial to the bi-atrial
scenario for all five subjects.

Fig. 4: Ratio of AF classified reentries to inducing points in the S
state for all five bi-atrial scenarios.

when stimulated from the LA, between the mono-atrial and
bi-atrial scenarios. In every instance, as shown in Figure 3, we
observed a noticeable inducibility increase. The additional rel-
ative number of inducing points ranged from 21 to 61 %. We
found that the RA markedly affected the inducibility ratio even
in the mild AF-remodelling scenario, as evidenced by the av-
erage increase of 34.6 ± 14.9 % for the M state. While the stan-
dard deviation is nearly the same (≈ 15 %,) we also see small
average relative variations between the M and S states (34.6 %
to 44.4 %). Interestingly, the share of inducing points to stim-
ulation points in the RA was 18.4 ± 6.5 % and 23.9 ± 14.9 %
for the M and S states. It seems possible that the RA has more
impact on the inducibility ratio of stimulation points in the LA
(34.6 ± 14.9 % M, 44.4 ± 14.8 % S) than regarding the ratio of
inducing points in the RA itself. Besides that, we observed
seemingly random differences in the inducibility ratios of the
M and S state. Thus, these findings suggest that the EP state
alone cannot explain reentry formation.
We determined the TCL of the induced reentries on the pos-
terior walls of the LA and RA, and we categorized them as
AF or AFlut. The ratio of AF classified reentries in the M
and S states differ greatly. The average AF classification ra-
tio was 77.1 ± 22.7 % for reentries measured in the LA and
81.2 ± 16.7 % for the RA location in the S state (see Figure 4).
Thus, it was more likely to classify a reentry as AF if the TCL
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was measured in the RA. In three out of five subjects, this was
the case. The increase in AF classification could be attributed
to the presence of multiple leading circles and faster TCL in
the RA. In terms of the ERP, the chosen EP modelling led to a
longer ERP in the RA when compared to the LA [11], however
a note of caution is due here since this difference might need
further investigation to clarify the influence of the RA’s ERP
on arrhythmia vulnerability. The differences in the standard
deviation of both measurement locations (22.7 % LA, 16.7 %
RA), seem to point out the role of the individual atrial geome-
try. We observed for example that in the S state scenario, there
is a noticeable difference in the standard deviation among the
subjects, although the EP was the same.
Our study is limited regarding spatially heterogeneous sub-
strate as we did not consider localized fibrotic tissue and its
microstructure. In future investigations, it might be possible to
model different levels of fibrotic tissue distribution to develop
a full picture of the impact of the RA in AVA.

5 Conclusion

Our study suggests an important role for the RA on the results
of the AVA. A first evaluation based on the ratio of inducing
points to stimulating points can lead to opposite assessments
of the subject’s vulnerability to reentries when only the LA is
considered. It is also possible that only after adding the RA
to the LA, reentries may be inducible. Further studies, which
take different RA attributes into account, such as the ERP, geo-
metrical aspects like the appendage or heterogeneous substrate
might provide important information about where the focus
needs to be set when modeling the RA in AVA.
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