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Abstract

Fibrosis can cause structural remodeling of cardiac tis-
sue and increase the susceptibility to atrial fibrillation.
The objective of this research is to determine the density
and location of fibrosis by analyzing the P-wave morphol-
ogy derived from 50 simulations of an atrial model with
varying fibrosis characteristics. The density of fibrosis can
be determined using sample entropy (SE) on the electro-
cardiogram (ECG) signal, with a tendency for entropy to
increase with higher fibrosis density. The SE value was
1.16 times greater for cases with 5-7% fibrosis density
compared to those with 0-1%. Additionally, the area un-
der the curve of the ECG signal can be used to identify
the location on the atria affected by fibrosis. This research
provides essential insights into the relationship between P-
wave morphology and fibrosis, paving the way for person-
alized treatment approaches based on fibrosis density and
location.

1. Introduction

The presence of fibrosis in cardiac tissue is mainly a
result of a regenerative process that involves the replace-
ment of damaged myocardium with collagen. However,
fibrosis alters atrial conduction, raising the predisposition
to the most prevalent arrhythmia, atrial fibrillation (AF).
Despite evidence implicating fibrosis in the perpetuation
of AF, the basis of this association remains incompletely
elucidated [1].

The location of fibrosis in the atria is a topic of debate.
Studies have shown that AF patients are more likely to
develop fibrosis in the posterior left atrium wall or pul-
monary veins [2]. Research has predominantly focused on
left atrium, resulting in limited exploration of right atrial
fibrosis. Besides location, there is a high variability of fi-
brotic patterns and densities [1]. Although predicting the
maintenance of AF based on fibrotic characteristics is chal-
lenging, categorizing fibrosis can aid in forecasting AF
outcomes and developing personalized treatments.

Intracavitary mapping and delayed-enhancement mag-
netic resonance imaging are commonly used techniques to
detect fibrosis in patients with cardiac diseases. However,
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these approaches have limitations [3], and computational
modeling provides a promising alternative for further re-
search on non invasive technologies that are not typically
used to identify the location and density of fibrosis, such as
electrocardiogram (ECG) or body surface potential map-
ping (BSPM). In study [4], the effect of fibrosis on the
P-wave using metrics such as duration and amplitude is
investigated to quantify fibrosis. Computer models also
enable the creation of digital twins which can be used to
simulate the impact of fibrosis on cardiac wave propaga-
tion and personalize treatment strategies. Kamali et al. [5]
found that the models utilized were highly precise in pre-
dicting the outcomes of ablation procedures, exhibiting a
favorable degree of correspondence with the results ob-
served in clinical settings.

The present investigation involves the simulation of
BSPMs obtained from six distinct patterns of fibrosis, to-
gether with eight locations of fibrotic areas on an atrial
model. The main aim is to analyze the P-wave morphology
in order to determine the density and location of fibrosis.

2. Materials and methods

2.1. Modeling methodology

In this research, an instance of an atrial statistical shape
model [6] was used. The biatrial model was adapted to in-
clude anatomical features, such as specific anatomical and
electrophysiological regions and the interatrial bridges.
The atrial fiber orientation was defined following a rule-
based method [7]. The volumetric biatria geometry aver-
age edge length was 550 um. The human atrial electro-
physiology was modeled by the mathematical formulation
proposed by Skibsbye et al. [8]. The duration of the ac-
tion potentials (APDyy) were adjusted to represent fifteen
different electrophysiological regions [9]. Moreover, con-
duction velocities [10, 11] were tuned to obtain a total ac-
tivation time of 115 ms for control case and 175 ms for the
AF electrical remodeling case.

Additionally, fibrosis was added to the biatrial model
to study the impact in the depolarization wavefront and
its corresponding BSPM. Fibrosis was modeled using Per-
lin noise to create transmural fibrosis patterns that yield
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realistic representations [12]. Eight locations were cho-
sen to place the fibrosis: the posterior left atrial wall
(pLAW), left inferior pulmonary vein (LIPV), left supe-
rior pulmonary vein (LSPV), right inferior pulmonary vein
(RIPV), right superior pulmonary vein (RSPV), inferior
cava vein (ICV), superior cava vein (SCV), and the right
atrial septum (RAS). Fibrosis patterns were selected with
the intention of including a wide range of distributions.
These are: patchy and diffuse patterns, based on the dis-
tributions mentioned in [1], each with three variations in
terms of density: 15%, 25%, and 40%. The density is
quantified by dividing the number of fibrotic elements by
the total number of elements within a given location. Fi-
brosis was modeled by elimination of mesh elements to
represent the properties of fibrotic tissue. A total of 50
monodomain simulations were run using openCARP [13].
Stable limit cycle was reached by pacing at a basic cycle
length of 1000 ms and 800 ms for the control case and AF
remodeling, respectively. Furthermore, the BSPM was cal-
culated assuming that the cardiac electric sources were im-
mersed in an infinite conductive medium.

2.2.  Analysis methodology

Signal analysis was performed using MATLAB (The
MathWorks, Inc., USA, version2023a). The sample en-
tropy (SE) and area under the curve (AUC) of the ECG
signals were computed to study how the variation of den-
sity and location of fibrosis affect the propagation of the
electrical wave in sinus rhythm. SE was calculated us-
ing [14] to quantify the complexity of the signals due to
fibrosis density, whereas the AUC was computed by in-
tegrating over the depolarization period to determine how
the ECG signal amplitude was affected by the varying lo-
cations of fibrosis in the atria. The AUC calculation was
conducted using electrodes arranged in a grid formation,
as depicted in Figure 1. The grid comprises nine regions
located on the anterior side of the torso (designated Al
to A9) and nine regions situated on the posterior side of
the torso (P1 to P9), with an average of 27 electrodes per
region. All the AUC measurements were subtracted with
respect to the AF electrical remodeling (sAUC). A global
normalization between 0 and 100 was performed to better
identify the areas affected by the location of fibrosis. The
average is computed over all the cases for each location of
fibrosis on the atria.

3. Results

In Figure 2, the SE obtained from all the leads on the
torso is shown. The fibrotic cases demonstrate higher SE
resulting from signal fractionation (Figure 3). Specifically,
the SE value for the electrical remodeled case is 1.18 times
that of the control case. Additionally, the SE of the 5-7%
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Figure 1. Electrode grid employed in AUC computation.
Left: Anterior torso view, divided into regions A1l through
A9. Right: Posterior torso view, divided into regions P1
through P9. Atria model is illustrated in red.

fibrosis density interval is 1.16 times higher than that of the
0-1%. The percentage is calculated by dividing the num-
ber of fibrosis-affected nodes by the total number of atrial
nodes. It is observed that higher density corresponds to
higher SE, indicating an association between the two vari-
ables. For a more detailed examination of the ECG signal,
in Figure 3, leads II (a), and V3 (b) are shown for differ-
ent simulations. Lead II was selected to detect propaga-
tion over the pLAW, where fibrosis is situated, while V3
was chosen due to its proximity to pLAW. It is noteworthy
that a higher density of fibrosis results in more changes in
amplitude of the signal due to the collisions of the elec-
trical wave. As the density of fibrosis increases, non-
conduction islands of tissue are formed, splitting the prop-
agation wavefront and leading to subsequent collisions.
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Figure 2. Violin plots of the SE. From left to right: control,
AF electrical remodeling, and the fibrosis density intervals

The AUC values of the AF electrical remodeling case
are represented in row a of Figure 4. Rows b and c cor-
respond to the SAUC values of the cases of 25% patchy
fibrosis on LIPV and 40% diffuse fibrosis on LSPYV, re-
spectively. The yellow regions correspond to higher val-
ues compared to the AF electrical remodeling case, while
the blue regions indicate lower values of AUC. In the b
row, lower values are present in A3 and A6, and greater
values in regions P2 and P5. In contrast, in row c, there
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Figure 3. ECG signals and SE values for leads a) II, b) V3. AF electrical remodeling (blue), Fibrosis in pLAW: patchy

15% (red), diffuse 40% (purple).

are greater values in the anterior side of the torso, partic-
ularly in A2, and lower values in the posterior side of the
torso, P4. Two distinct textures can be observed in the grid
in rows b and c. This pattern particularity repeats for the
48 simulations, i.e., the texture changes when the fibrosis
is located in different region, but variations in density or
pattern of fibrosis only affect the amplitude of the values.
It is worth noting that the two cases representing 15% fi-
brosis in the LIPV and LSPV exhibit the same texture as
Figure 4, albeit with a decrease in the range of the value.
Figure 5 contains a summary of all the textures belonging
to the same location of fibrosis in the atria. Similar to Fig-
ure 4, the yellow regions denote AUC values greater than
those of the AF electrical remodeling case, while the blue
regions represent lower values. As mentioned before, sim-
ulations with fibrosis in the same regions exhibited similar
textures. The density of fibrosis changed the sAUC am-
plitude values. Moreover, bigger areas affected by fibrosis
such as the pLAW or RAS have higher sAUC range (from
0 to 100, and 33 to 81).
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Figure 4. Anterior and posterior view of the torso (left and
right columns). a) values for the AUC for the AF electrical
remodeling case, b) and c) values for the sAUC for 25%
patchy fibrosis in LIPV and 40% diffuse fibrosis in LSPYV,
respectively.
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4. Discussion and conclusion

The aim of this research was to identify specific charac-
teristics of P-wave morphology that could be used to differ-
entiate between the location and density of fibrosis in the
atria. The research demonstrated that fibrosis density can
be determined using the SE, while the location of fibrosis
can be identified using the AUC. The findings of Nagel et
al. [4] demonstrated that the amplitude, duration and dis-
persion metrics of the signal were affected due to variation
of fibrosis density, the duration being the most relevant.
In our research, SE quantifies the extent of wave propa-
gation disruptions caused by fibrosis density. Study [15]
employs the P-wave integral maps to localize ectopic foci
on regions of atrial models with fibrosis. Similarly, our
research employs distinct textures of the SAUC metric to
localize regions affected by fibrosis.

The identification of location and density can be em-
ployed in clinical settings to develop personalized treat-
ment plans, as seen in [5], where they proposed ablation
strategies to eliminate the recurrence AF cases. Similarly,
our research findings indicate that fibrosis in various re-
gions can be differentiated compared to cases with AF
electrical remodeling. This suggests that in the clinical
context, it might be feasible to compare a patient’s signals
to those of its digital twin with only electrical remodel-
ing and consequently deduce the location and density of
fibrosis. Acquiring information concerning the density of
fibrosis can facilitate the decision-making of the treatment.

This research is limited by the use of one atrial model,
which eliminates the variability that could be introduced
by anatomical variability. It has been shown that variabil-
ity in the atrial model causes changes in the morphology
of the P-wave [4]. Future studies can incorporate multi-
ple models to address this limitation. Moreover, additional
patterns, densities, and locations of fibrosis can be incorpo-
rated to investigate whether the SE and sAUC are sufficient
for the classification of fibrosis density and location.

In conclusion, this research demonstrates that SE can be
a useful indicator of fibrosis density, and AUC can iden-
tify the location of fibrosis. The results presented are sig-
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Figure 5. Normalized textures of SAUC for different anterior and posterior regions of the torso.

nificant in improving our understanding of the association
between the P-wave morphology and fibrosis, and can po-
tentially aid in the development of personalized treatments.
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