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Abstract: Remodeling in atrial fibrillation (AF) underlines the electrical and structural changes in the
atria, where fibrosis is a hallmark of arrhythmogenic structural alterations. Fibrosis is an important
feature of the AF substrate and can lead to abnormal conduction and, consequently, mechanical
dysfunction. The fibrotic process comprises the presence of fibrotic cells, including fibroblasts,
myofibroblasts and fibrocytes, which play an important role during fibrillatory dynamics. This work
assesses the effect of the diffuse fibrosis density and the intermingled presence of the three types of
fibrotic cells on the dynamics of persistent AF. For this purpose, the three fibrotic cells were electrically
coupled to cardiomyocytes in a 3D realistic model of human atria. Low (6.25%) and high (25%)
fibrosis densities were implemented in the left atrium according to a diffuse fibrosis representation.
We analyze the action potential duration, conduction velocity and fibrillatory conduction patterns.
Additionally, frequency analysis was performed in 50 virtual electrograms. The tested fibrosis
configurations generated a significant conduction velocity reduction, where the larger effect was
observed at high fibrosis density (up to 82% reduction in the fibrocytes configuration). Increasing the
fibrosis density intensifies the vulnerability to multiple re-entries, zigzag propagation, and chaotic
activity in the fibrillatory conduction. The most complex propagation patterns were observed at high
fibrosis densities and the fibrocytes are the cells with the largest proarrhythmic effect. Left-to-right
dominant frequency gradients can be observed for all fibrosis configurations, where the fibrocytes
configuration at high density generates the most significant gradients (up to 4.5 Hz). These results
suggest the important role of different fibrotic cell types and their density in diffuse fibrosis on the
chaotic propagation patterns during persistent AF.

Keywords: diffuse fibrosis; atrial fibrillation; 3D models; electrograms

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia in clinical practice [1], with
important implications on public health [2,3]. The mechanisms of initiation and mainte-
nance of AF include ectopic foci [4], multiple re-entrant waves [5] and rotors [6]. The AF
is characterized by a process of atrial remodeling, that includes electrical and structural
alterations contributing to the formation of arrhythmogenic substrates [7,8]. The structural
remodeling process includes fibrosis, which is attributed to an excessive deposition of
extracellular matrix components, such as collagen by means of activated cardiac fibrob-
lasts [9]. Recent studies have shown that external factors, such as air pollution, increase the
cardiovascular and heart arrhythmias risk. Specifically, the exposure to particulate matter
contributes to adverse remodeling and a worsening of myocardial fibrosis [10–13].

Fibrotic remodeling of atrial tissue involves processes occurring in parallel across
multiple scales. The differentiation of fibrotic cells at the cellular level [14] and excessive
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deposition of collagen at the tissue level [15], yield the conditions for generating of complex
propagation dynamics [16]. Several studies suggest that the amount of fibrosis is associated
with conduction slowing and increased vulnerability to cardiac arrhythmias [16,17], and
maintenance of AF [15,18]. Additionally, the fibrosis texture (compact, patchy or diffuse),
plays a crucial role in determining the conduction abnormalities [19]. Compact fibrosis
comprises a fibrotic area that is deprived of myocardium, although severe at first glance, is
the least arrhythmogenic among the different types of fibrosis. Patchy fibrosis is character-
ized by areas where collagen fibers of long strands and myocardial bundles intermingle.
This type of fibrosis can cause conduction delays because of zig-zag conduction between
the various bundles and is vulnerable to arrhythmias [20]. Diffuse fibrosis consists of short
stretches of fibrosis, and it also impairs conduction. Several studies [21,22] have found that
diffuse fibrosis has a significant effect on propagation, it reduces the velocity conduction
and leads to the formation of re-entrant waves. In addition, diffuse fibrosis increases
the cycle length of re-entrant arrhythmias and favors the transition from tachycardia to
fibrillation [19]. Although significant progress has been made in the understanding of
the relationships between the distinct factors playing during the fibrosis process and the
resulting arrhythmogenic substrate, crucial gaps still exist.

The presence of fibroblasts, myofibroblasts and fibrocytes has been reported in cardiac
fibrosis [23–27]. Fibroblasts are the main cellular source for the synthesis of the extracellular
matrix, they are activated in a reparative or reactive response to tissue damage [28] and
their production increases under conditions of AF [29]. Fibroblasts can also phenotyp-
ically transform into myofibroblasts and participate in fibrogenesis [30]. In addition to
fibroblasts population in the myocardium, other cells of hematopoietic and extracardiac
origin known as fibrocytes can transform into myofibroblasts, further driving the fibrotic
response [23]. The proliferation of fibroblasts and myofibroblasts has been associated with
atrial conduction abnormalities and delays in the propagation of the cardiac electrical
impulse [16,31,32], which represent an arrhythmogenic substrate for atrial re-entries [33].
There is experimental evidence that the action potential propagation is affected by the elec-
trical coupling between cardiomyocytes and fibroblasts [25] or myofibroblasts [27,31,34].
Several studies have shown that myofibroblasts can result from the differentiation of cells
with extracardiac origin, such as the fibrocytes [35]. Fibrocytes may be involved in atrial
fibrosis during AF [23] and its presence has been reported in atrial tissue with conduction
blocks [36]. The growing evidence of the relationship between the fibrosis process and the
AF initiation and perpetuation, motivates further studies to improve the understanding of
the specific role and interplay of fibroblasts, myofibroblasts and fibrocytes during AF [37].

The isolation of the mechanisms by which diffuse fibrosis and its components con-
tribute to AF is a difficult task in an experimental setup. A computational model, with
a realistic description of the atrial geometry and electrophysiology, representing differ-
ent configurations and densities of fibrotic lesions, becomes a useful tool to explore the
contribution of fibrosis and their components on AF progression and to predict them in
living models and real patients. In this study, we evaluate the effect of low and high diffuse
fibrosis density and the intermingled presence of the three types of fibrotic cells (fibrob-
last, myofibroblast, fibrocytes and their combination) on the AF propagation dynamics by
means of computational simulations.

2. Materials and Methods
2.1. Atrial Myocyte under Atrial Fibrillation Remodeling

The mathematical model of the human atrial cell, developed by Courtemanche et al. [38],
was implemented. To represent the cholinergic activity, the equation for the acetylcholine-
dependent current was included (IKACh) [39]. The membrane potential of the atrial car-
diomyocyte (Vm) is calculated using the following Equation (1):

dVm

dt
=
−(Iion + Ist)

Cm
, (1)
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where, Cm is the membrane capacitance of the cardiomyocyte (100 pF), Iion is the total
transmembrane ionic current, and Ist is the external stimulation current. The resting mem-
brane potential is set to −81.2 mV. To simulate the conditions of persistent AF electrical
remodeling, the conductivity of different ionic channels was modified based on experi-
mental studies [40–42]. The implementation of the electrical remodeling is different in
both atria: the conductivity of the transient outward potassium channel (Ito) is reduced
by 45% and 75%, and ultra-rapid outward channel (IKur) by 60% and 45%, in the right
and left atrium, respectively. The conductivity of the delayed rectifier potassium channel
(IKs) is increased by 150% in the right atrium and by 100% in the left atrium. In both atria,
conductance of the inwardly rectifying potassium channel (IK1) is increased by 100% and
conductance of the current through the L-type calcium channel (ICaL) is reduced by 65%.
Additionally, the conductivity of atrial myocardium was reduced by 15%, yielding a value
of 0.26 S/cm [43,44].

2.2. Fibroblast, Myofibroblast and Fibrocyte Model

The mathematical model proposed by MacCannell et al. [45] was adopted for represent-
ing fibroblasts and it was also modified to implement myofibroblasts and fibrocytes. The
membrane potential for a fibrotic cell (Vcfi) is described using the following Expression (2):

dVc f i

dt
= −

Ic f i

Cc f i
, (2)

where, Icfi and Ccfi are the transmembrane current and the membrane capacitance of the fi-
brotic cell, respectively. In agreement with experimental and computational studies [45–49],
the resting membrane potential is set to −49.6 mV for all fibrotic cells. The membrane
capacitance values are set to 6.3 pF for fibroblasts and fibrocytes, and 50.4 pF for myofi-
broblasts. The conductivity of fibroblasts and myofibroblasts is set to 0.078 mS/cm (i.e,
30% of the cardiomyocytes conductivity). Based on studies reporting conduction blockades
in the atrial tissue in the presence of fibrocytes [36,50], a low value of conductivity (i.e.,
0.024 S/cm) was assigned to the fibrocytes. Table 1 summarizes the cardiomyocyte and
fibrotic cells parameters configuration.

Table 1. Membrane capacitance and conductivity assigned to myocytes and fibrotic cells.

Cell Capacitance Conductivity References

Cardiomyocyte 100 pF 0.26 S/cm [38,51]

Fibroblast 6.3 pF 0.078 S/cm [45–47,49]

Myofibroblast 50.4 pF 0.078 S/cm [46,49]

Fibrocyte 6.3 pF 0.024 S/cm [36,46,47,50,52]

2.3. Diffuse Fibrosis in a 3D Model of Human Atria

A 3D model of human atria, developed in a previous work, is implemented [53,54].
The mesh is composed by 515010 hexahedral elements with uniform spatial resolution
of 300 µm (Figure 1a). The model includes the main anatomical structures, realistic fiber
orientation, electrophysiological heterogeneity and anisotropy, as described in [54].



Cells 2021, 10, 2769 4 of 19Cells 2021, 10, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 1. The 3D model of human atria. (a) Atrial regions with heterogeneity and sinoatrial node (S1) are shown. The 
fibrosis distribution in the left atrium is shown at densities of (b) 6.25% (low) and (c) 25% (high). (d) Ectopic focus location 
(S2), where right (RA) and left (LA) atrium are indicated. (e,f) 50 virtual electrodes locations. 

2.6. Electrograms and Dominant Frequency 
Unipolar electrograms (EGM) were calculated as extracellular potentials (Φe) rec-

orded by virtual electrodes located at 0.2 mm from the atria surface. The extracellular po-
tential is obtained using the following formulation (4) [59]: 𝛷e(r⃑)=− 1
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point (x, y, z) to the measuring point (x’, y’, z’); and dv is the volume differential. The EGM 
signals were obtained at 50 nodes, 28 in the left atrium and 22 in the right atrium (Figure 
1e,f), with a temporal resolution of 1 ms. Spectral analysis of the EGM was performed by 
applying a 40–250 Hz band-pass filter, rectification and low-pass filter at 20 Hz. The Fou-
rier transform was obtained, and dominant frequency (DF) is identified as the highest 
peak of the power spectrum [60]. 

3. Results 
3.1. Conduction Velocity and Action Potential Duration 

After applying the S1 stimulus under AF conditions without fibrosis and the fourteen 
fibrosis configurations, the APD90 and conduction velocity were measured in the posterior 
wall of the left atrium. Table 2 summarizes the results for all configurations. The values 
of fibrosis electrophysiological measures are presented as percentages of the correspond-
ing measures of the model without fibrosis. In the case of AF without fibrosis, the APD90 
= 118 ms and the estimated conduction velocity was 62 cm/s. For the cases with fibrosis, 
in general, there was a slight decrease of the APD90 and a significant decrease in the con-
duction velocity. A larger conduction velocity reduction was observed at high fibrosis 
density, where the configuration with fibrocytes had the largest effect. The reductions in 
the APD90 range from 2% (116 ms) to 5% (112 ms) for the low density, and from 11% (105 
ms) to 20% (94 ms) for the high density. No significant variations in the resting potential 

Figure 1. The 3D model of human atria. (a) Atrial regions with heterogeneity and sinoatrial node (S1) are shown. The
fibrosis distribution in the left atrium is shown at densities of (b) 6.25% (low) and (c) 25% (high). (d) Ectopic focus location
(S2), where right (RA) and left (LA) atrium are indicated. (e,f) 50 virtual electrodes locations.

Atrial fibrosis is implemented by considering cardiomyocytes coupled to fibrotic cells.
Such heterocellular couplings are randomly distributed over the left atrium of the 3D
model aiming to represent a diffuse fibrosis texture. Seven configurations of fibrosis were
implemented according to the electrical coupling of cardiomyocytes with: (a) fibroblasts,
(b) myofibroblasts, (c) fibrocytes, (d) fibroblasts and myofibroblasts, (e) fibroblasts and
fibrocytes, (f) myofibroblasts and fibrocytes; and (g) fibroblasts, myofibroblasts and fibro-
cytes. The density of fibrosis was defined in agreement with a clinical study in patients
with AF [55]. In such study, the patients were classified according to the Utah stages, which
define each stage according to the percentage of fibrosis, with respect to the volume of the
left atrium, quantified using magnetic resonance imaging. For each fibrosis configuration,
the densities of 6.25% (low) and 25% (high) are tested, thus obtaining a total of 14 fibrosis
scenarios. These fibrosis densities are obtained by assigning the heterocellular couplings
to 6.25% (Figure 1b) and 25% (Figure 1c) of the total number of nodes in the left atrium
(excluding pulmonary veins, junctions with the coronary sinus, Bachmann bundle and
interatrial septum) for low and high density, respectively. The fibrotic cell model (fibrob-
last, myofibroblast or fibrocyte) is assigned to the nodes with heterocellular couplings.
Fibrotic cells are arranged so that they are uniformly interspersed with cardiomyocytes.
For configurations including more than one fibrotic cell, the number of nodes for each
cell is homogeneous. The fibrotic cell type is randomly assigned to the nodes defined as
containing heterocellular couplings until reaching the expected densities. The low and high
densities correspond to the Utah stage 1 (<8.5%) and Utah stage 4 (>21%), respectively [55].
If at least one node within an element of the mesh, corresponds to a heterocellular coupling,
the conductivity of the corresponding fibrotic cell is assigned to the element, as reported in
previous simulation studies [56].

2.4. Model of Electrical Propagation

The monodomain equation representing the cardiac action potential propagation is
described by the following reaction-diffusion equation [57]:

∇·(D∇V) = C
∂V
∂t

+ I + Ist, (3)
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where C, V and I are the membrane capacitance, potential and transmembrane current of
the cardiac cell (cardiomyocyte or fibrotic cell), respectively. Additionally, D stands for
the conductivity tensor. The Equation (3) was numerically solved using the finite element
method implemented in the EMOS software [58], with a constant time step of 0.01 ms.

2.5. Stimulation Protocol and Simulation Setup

The S1–S2 standard stimulation protocol was implemented, where S1 simulates the
sinus rhythm, and it is applied at the sinus node located in the wall of the right atrium. The
S2 stimulus represents an ectopic focus, and it is applied at the interatrial septum near to
the coronary sinus (Figure 1d). The S2 is a train of 5 beats at a cycle length of 110 ms. The
first stimulus of S2 was applied to a proper coupling interval that generates a unidirectional
block. Each stimulus consists of rectangular pulses with a duration of 2 ms and amplitude
of 28 pA/pF.

The simulation time was set to 5 s. The action potential duration at 90% of the
repolarization (APD90) was calculated in the center of the posterior wall of the left atrium.
The conduction velocity was measured using two nodes located at the posterior wall of the
left atrium.

2.6. Electrograms and Dominant Frequency

Unipolar electrograms (EGM) were calculated as extracellular potentials (Φe) recorded
by virtual electrodes located at 0.2 mm from the atria surface. The extracellular potential is
obtained using the following formulation (4) [59]:

Φe(
⇀
r ) = − 1

4π

σi
σe

∫ ∫ ∫ ⇀

∇ ′Vm(
⇀

r′ )·
⇀

∇ ′
 1

|
⇀
r′ −⇀

r |

dv, (4)

where ∇ ’Vm is the spatial gradient of transmembrane potential, σi and σe are intracellular

and extracellular conductivities, respectively; |
⇀

r′ −⇀
r | is the distance from the source point

(x, y, z) to the measuring point (x’, y’, z’); and dv is the volume differential. The EGM signals
were obtained at 50 nodes, 28 in the left atrium and 22 in the right atrium (Figure 1e,f),
with a temporal resolution of 1 ms. Spectral analysis of the EGM was performed by
applying a 40–250 Hz band-pass filter, rectification and low-pass filter at 20 Hz. The Fourier
transform was obtained, and dominant frequency (DF) is identified as the highest peak of
the power spectrum [60].

3. Results
3.1. Conduction Velocity and Action Potential Duration

After applying the S1 stimulus under AF conditions without fibrosis and the four-
teen fibrosis configurations, the APD90 and conduction velocity were measured in the
posterior wall of the left atrium. Table 2 summarizes the results for all configurations.
The values of fibrosis electrophysiological measures are presented as percentages of the
corresponding measures of the model without fibrosis. In the case of AF without fibrosis,
the APD90 = 118 ms and the estimated conduction velocity was 62 cm/s. For the cases
with fibrosis, in general, there was a slight decrease of the APD90 and a significant decrease
in the conduction velocity. A larger conduction velocity reduction was observed at high
fibrosis density, where the configuration with fibrocytes had the largest effect. The reduc-
tions in the APD90 range from 2% (116 ms) to 5% (112 ms) for the low density, and from
11% (105 ms) to 20% (94 ms) for the high density. No significant variations in the resting
potential were observed at low density. A small depolarization (+3 mV) of the resting
potential was observed at high density.
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Table 2. Fibrosis effects on the APD90 and conduction velocity (CV), for each fibrosis configuration at low and high density.

Fibrosis
Configuration

APD90 (ms) APD90 Reduction CV (cm/s) CV Reduction

Low
Density

High
Density

Low
Density

High
Density

Low
Density

High
Density

Low
Density

High
Density

Without fibrosis 118 - 62 -

Fibroblasts 112 104 5% 12% 33 18 47% 71%

Myofibroblasts 116 104 2% 12% 49 58 21% 6%

Fibrocytes 114 94 3% 20% 24 11 61% 82%

Fibroblasts + myofibroblasts 114 105 3% 11% 35 27 44% 56%

Fibroblasts + fibrocytes 113 104 4% 12% 32 13 49% 79%

Myofibroblasts + fibrocytes 114 105 3% 11% 42 19 32% 70%

Fibroblasts + myofibroblasts
+ fibrocytes 113 105 4% 11% 36 19 42% 70%

For all fibrosis configurations, except the myofibroblast configuration, the conduction
velocity decreases as the fibrosis density increases. Such a reduction in the conduction
velocity ranges from 21% to 61% for the low density, and from 6% to 82% for the high
density. The myofibroblasts configuration presented the lowest reduction in the conduction
velocity at low density (i.e., 21%, resulting in 49 cm/s), and at high density (i.e., 6%,
resulting in 58 cm/s). On the other hand, the fibrocytes configuration at high density
caused the greatest conduction velocity reduction (82%), that corresponds to a conduction
velocity of 11 cm/s.

Figure 2 shows the locus of the conduction velocity (CV) versus APD90 for the low
and high fibrosis densities, distinguished by the colors blue and red, respectively. Each
pair (APD90, CV) represents a fibrosis configuration, including the case without fibrosis.
For a given fibrosis density, each point is connected by a line to its closest neighbor. The
“without fibrosis” scenario is considered as the root of the tree. It can be seen in the low
and high densities trees, that the progression initiates with myofibroblasts and it advances
as other fibrotic cells join the fibrosis configuration. The tree corresponding to the low-
density case ends with leaves corresponding to fibroblasts + fibrocytes and fibrocytes
configurations. However, the tree corresponding to the high-density case ends with the
fibrocytes configuration, suggesting that fibrocytes are relevant during the course of the
arrhythmia under both fibrosis densities.

3.2. Propagation Dynamics during AF without Fibrosis

The fibrillatory dynamics obtained in the AF model without fibrosis (Video S1) in-
cludes two rotors generated in the right atrium. One rotor was located at the junction
between the superior vena cava and the Bachmann bundle and dissipated as the episode
evolves. The other rotor was observed between the superior vena cava and the interatrial
septum, and it migrated towards the top of the terminal crest at the end of the simulation.
In the left atrium, plane waves and wavefronts collisions in the posterior wall were ob-
served and, at approximately 3200 ms, a two-rotations re-entry was generated in the base
of the appendage.
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label. The notation used is Fb, Mfb and Fc for fibroblasts, myofibroblasts and fibrocytes, respectively.

3.3. Propagation Dynamics in the Right Atrium during AF with Fibrosis

For the 14 fibrosis configurations, fibrillatory activity was observed in both atria,
where the propagation in the right atrium was similar for all configurations, whereas the
left atrium presented distinct dynamics for the different fibrosis configurations. After a
few milliseconds of the simulation initiation, all fibrotic scenarios presented rotor activity
similar to the case of AF without fibrosis (i.e., a rotor located between the Bachmann bundle
and the superior vena cava, and another rotor located between the superior vena cava
and the interatrial septum). At the end of the simulations, one of the rotors migrated
towards the top of the terminal crest at low fibrosis density in four configurations (fibrob-
lasts, myofibroblasts, fibroblasts + fibrocytes, fibroblasts + myofibroblasts + fibrocytes),
and at high fibrosis density in five configurations (fibroblasts, fibrocytes, fibroblasts +
myofibroblasts, fibroblasts + fibrocytes, fibroblasts + myofibroblasts + fibrocytes). In the
other configurations, only one of the two rotors remained until the end of the simulation.
Wavefront collisions in the posterior wall of right atrium were also observed throughout
all simulations.

3.4. Propagation Dynamics in the Left Atrium during AF with Fibrosis

Different propagation patterns in the left atrium were observed according to the
fibrosis configuration and density. For the fibroblasts configuration at low density (top of
Figure 3a and Video S2), a rotor was generated in the superior wall near to the appendage.
At the end of the simulation (at approximately 4000 ms), a figure-of-eight re-entry was
observed between the appendage and the base of the left pulmonary veins. At high
density (bottom of Figure 3a and Video S3), multiple re-entrant waves (from 2 to 5 waves)
collide among each other, leading to chaotic activity mainly located at the posterior and
superior walls.
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Figure 3. AF simulations with diffuse fibrosis at low (top) and high (bottom) density, for the follow configurations: (a)
fibroblasts, (b) myofibroblasts, (c) fibrocytes, (d) fibroblasts + myofibroblasts + fibrocytes. White arrows show the direction
of waves propagation.

For the myofibroblasts configuration at low density (top of Figure 3b), only plane
waves originated in the right atrium and wavefronts collisions in the posterior wall were
observed. At high density (bottom of Figure 3b), additional wavefront collisions were
sustained and, in the middle of the episode, two transitory re-entries were generated, one
in the superior wall and another between the posterior and inferior walls.

For the fibrocytes configuration at low density (top of Figure 3c), the action potential
propagation slowed down. Re-entrant activity was generated in the superior wall in the
base of the appendage, then (at approximately 2500 ms) two colliding rotors were generated
in the posterior wall, one of them evolved into a figure-of-eight re-entry and back into a
rotor. At high density (bottom of Figure 3c and Video S4), the reduced velocity conduc-
tion yields zigzag propagation in the posterior wall, multiple fragmented wavefronts in
the posterior and superior walls, with pivot points in the appendage and anterior and
inferior walls.

For the fibroblasts + myofibroblasts configuration at low fibrosis density, a rotor was
anchored at the superior wall, in the base of the left pulmonary vein. At approximately
3500 ms, such rotor collided with a migratory rotor generated near the Bachmann bundle,
leading to a new rotor sustained in the posterior wall until the end of the simulation. For
the high fibrosis density, at approximately 2300 ms, a rotor was observed in the lateral wall
near to the left pulmonary veins, and a figure-of-eight re-entry was observed between the
posterior and inferior wall until the end of the simulation (not shown in Figure 3).
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For the fibroblasts + fibrocytes configuration at low density, at approximately 3000 ms,
two rotors were generated. One rotor was observed in the superior wall and migrated to
the top of the posterior wall. The other rotor was observed in the base of the appendage.
For high fibrosis density, zigzag propagation in the posterior wall was observed until
approximately 1200 ms. Subsequently, multiple re-entrant waves (from 3 to 5 waves at
time) led to chaotic activity, mainly observed in the posterior and superior walls (not shown
in Figure 3).

For the myofibroblasts + fibrocytes configuration at low density, plane waves coming
from the right atrium and wavefronts collisions in the posterior and superior wall were
observed. For the case of high fibrosis density, a rotor was observed (at approximately 1100
ms) in the superior wall anchored at the base of the left pulmonary vein until the end of
the simulation. At approximately 1600 ms, a second rotor was generated in the inferior
wall that, subsequently, migrated to the posterior wall (not shown in Figure 3).

For the configuration including the three fibrotic cells (fibroblasts + myofibroblasts
+ fibrocytes) at low density, a figure-of-eight re-entry was generated between the superior
and lateral walls at approximately 3200 ms (top of Figure 3d). For the high fibrosis density,
two rotors were observed in the superior wall and in the inferior wall (at approximately
1200 ms). These rotors evolve into multiple re-entrant waves (from 2 to 3 waves) located in
the posterior wall at approximately 2000 ms (bottom of Figure 3d and Video S5).

In general, the fibroblasts and fibrocytes favor the generation of re-entrant activity
in the left atrium, becoming more chaotic as the density of fibrosis increases. The pres-
ence of fibroblasts favors the appearance of multiple rotors and figure-of-eight re-entries.
Fibrocytes, by significantly slowing down conduction, favor the zigzag propagation of
multiple fragmented and re-entrant wave fronts. On the other hand, myofibroblasts only
led to transient re-entrant activity at high density, suggesting that this type of fibrotic cell
attenuates the chaotic activity of other fibrotic cells.

3.5. Electrograms and DF Analysis

From the AF simulations without fibrosis and with the 14 fibrosis configurations at
both densities, 50 EGMs and the corresponding Fourier spectra were calculated. For the
case of AF without fibrosis, both atria mostly generated EGMs with single potentials in
time, and single and narrow peaks in frequency. In the superior wall of the left atrium
and near to superior vena cava, double potentials and fragmentation in the EGM (i.e., two
or more potentials with low amplitude, irregular morphology, and cycle length variation)
were observed. Such behavior is reflected in the frequency domain with the appearance of
multiple spectral peaks. High values of DF were observed in both atria, with a DF mean of
9.2 Hz and zero left-to-right DF gradient.

In the AF simulations with fibrosis, EGMs with single potentials were prevalent.
Double potentials and fragmentation in the time domain, with multiple frequency peaks in
frequency, were mainly observed near to the Bachmann bundle in the superior wall of the
left atrium, at the superior and inferior part of the posterior wall of the left atrium, and
near to the superior vena cava in the free wall of the right atrium. Such irregular EMGs
can be associated with re-entries, and with breaking and colliding waves, as described
in the AF simulations with fibrosis. Additionally, after inspecting the 50 EGMs from the
AF episodes at high fibrosis density, we observed a prominent presence of morphological
variations, low amplitude, double potentials and fragmented EGMs. For the case of high
density of fibrocytes (right side in Figure 3c), a significant lengthening of the cycle length
was observed in the EGMs from the left atrium, with a 2:1 conduction between the right
atrium and the left atrium and a notorious left-to-right DF gradient.

Figure 4 shows the EGMs and the corresponding spectra at three locations from the
right and left atria, for the fibrosis configurations with fibroblasts, myofibroblast, fibrocytes,
and fibroblasts + myofibroblasts + fibrocytes, all cases at low (left) and high (right) densities.
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For the different fibrosis configurations, the mean values of DF in the right atrium
vary between 9.2 Hz and 9.3 Hz, in a similar way as those values obtained for the case
of AF without fibrosis. However, in the left atrium, the mean values of DF were reduced
for all fibrosis configurations. At low density, the mean values of DF vary between 9.1 Hz
for fibroblasts + myofibroblasts to 8.3 Hz for fibrocytes, yielding slight left-to-right DF
gradients between 0.2 Hz and 1.0 Hz. At high fibrosis density, the mean values of DF
in the left atrium vary between 8.3 Hz for myofibroblasts to 4.8 Hz for fibrocytes, which
correspond to left-to-right DF gradients between 1.0 Hz and 4.5 Hz (see Table 3).
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Table 3. Values of mDF and left-to-right DF gradient, at low and high density with different fibrosis configuration.

Fibrosis Configuration Fibrosis Density LA mDF (Hz) RA mDF (Hz) Right-to-Left DF
Gradient (Hz)

Without fibrosis - 9.2 9.2 0.0

Fibroblasts
Low 8.8 9.2 0.4
High 6.7 9.3 2.6

Myofibroblasts Low 8.9 9.3 0.4
High 8.3 9.3 1.0

Fibrocytes Low 8.3 9.3 1.0
High 4.8 9.3 4.5

Fibroblasts + myofibroblasts Low 9.1 9.3 0.2
High 7.5 9.3 1.8

Fibrocytes + fibroblasts Low 8.7 9.2 0.5
High 5.5 9.2 3.7

Fibrocytes + myofibroblasts Low 8.4 9.3 0.9
High 7.0 9.3 2.3

Fibrocytes + myofibroblasts + fibrocytes Low 8.7 9.3 0.6
High 6.8 9.3 2.5

Figure 5 presents the DF boxplots and the DF mean values measured in the left and
right atria, at low (Figure 5a,b) and high (Figure 5c,d) fibrosis densities. The boxplots corre-
sponding to the left atrium show scattered values of DF for most fibrosis configurations,
with median values between 9.3 Hz (fibroblasts + myofibroblasts) and 8.3 Hz (fibrocytes) at
low fibrosis density and between 9.3 Hz (fibroblasts) and 4.4 Hz (fibrocytes) at high density.
On the other hand, the boxplots of the right atrium show non-scattered DF values of 9.3 Hz
at both densities.
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The blue color circles and red color squares in Figure 5b,d, represent the mean values
of DF for the left and right atrium, respectively. The left-to-right DF gradient increases
with the distance between the red color and blue color marks. The left-to-right DF gradient
was larger at high fibrosis density than at low density for all fibrosis configurations. At low
density, slight DF gradients could be observed between the right and left atrium, mainly in
the fibrocytes (c) and myofibroblasts + fibrocytes (f) configurations (Figure 5b). At high
fibrosis density, larger DF gradients were observed, where the highest value was also found
for the fibrocytes (c) configuration (Figure 5d).

4. Discussion

The findings of our work are as follows: (i) all fibrosis configurations generated a
slight APD90 shortening and a significant conduction velocity reduction, with a larger
effect observed at high fibrosis density. (ii) Increasing fibrosis density from low (6.25%)
to high (25%) intensified the vulnerability to multiple re-entries, zigzag propagation, and
chaotic activity. (iii) The degree of chaos in the propagation patterns is determined by
the fibrosis density: the higher the fibrosis density, the chaotic the propagation. (iv) All
fibrosis configurations generated a left-to-right DF gradient between the atria, where
small gradients were observed at low densities and significant gradients at high densities.
Nevertheless, higher fibrotic density was expected to cause more serious disturbances,
given current knowledge in the field, however, the finding that fibrocytes cause more
severe conduction disruptions is a novelty. In this line of thought, the main finding of this
work is that fibrocytes are the cells with the largest proarrhythmic effect, causing chaotic
dynamics with the presence of multiple re-entries and zigzag propagation. Additionally,
the fibrocytes configuration also leads to the highest left-to-right DF gradient.

Fibrosis is recognized as an element present in different abnormal disease conditions,
such as, diabetes mellitus, obesity, alcoholism, hypertension, obstructive sleep apnea, heart
failure, among others [61]. Additionally, the development of fibrosis can be related with
other circumstances. Exposure to air pollution contributes to adverse remodeling and
worsening myocardial fibrosis [10,11,13,62], degenerative and fibrotic lesions in the my-
ocardium [63]. The myocardial hypertrophy commonly observed in high performance
athletes may degenerate in fibrosis remodeling [64]. Furthermore, the severity extent in
which fibrosis affects the cardiac function can be submitted to the interaction with multiple
factors, such as, genetic conditions [65], gender [66] and ageing [67]. Moreover, in an AF
scenario, the presence of fibrosis is expected to increase the proarrhythmic risk [15,18,68–70].
Therefore, the studies looking for new insights into the pathophysiological mechanisms of
fibrosis yield a wide perspective to the different contexts and conditions in which this struc-
tural remodeling occurs. The myocardial perturbation imposed by the fibrosis remodeling
involves components at the cellular level. The fibrosis yields the proliferation of fibroblasts
and differentiation into myofibroblasts [26,31,34,71]. Additionally, in such disease condi-
tions, the noncardiac-origin fibrocytes migrate to the cardiac tissue and contribute to the
fibroblasts population [35]. There is evidence that fibroblasts, myofibroblasts and fibrocytes
play a role in the pathophysiology of the arrhythmia [23–27,69,72], where the pathogenesis
and sustaining of AF is closely related to the cardiac fibroblast and their myofibroblast
differentiation [72,73]. Moreover, increased circulating fibrocytes has served as a biomarker
of fibrosis in patients with persistent AF [23,35,74] and the presence of these cells has been
correlated with occurrence of conduction blockades [36]. Taking this experimental evidence
into account, we assessed the fibroblasts, myofibroblasts and fibrocytes roles on the atrial
electrophysiology under persistent AF conditions. The computational approach used for
this purpose allows establishing a wide set of fibrosis conditions, in which, the intermin-
gled action of the fibrotic cells was assessed that otherwise would be hard to control and
observe in an experimental setup. To the best of our knowledge, there are no reports of
computational studies about the effects of fibrocytes, fibroblasts and myofibroblast on the
AF propagation patterns. Therefore, our results provide information about the interactions
of the fibrotic cells underlying AF fibrosis.
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The atrial fibrosis model was implemented using a realistic 3D model of human
atria, where the fibrotic cells were coupled to cardiomyocytes and spatially distributed to
simulate diffuse fibrosis. The simulated fibrosis density in the left atrium was established
based on a clinical study [55], in which 387 patients with AF were classified according to
the percentage of fibrosis quantified with magnetic resonance: Utah stage I (<8.5%), Utah
stage II (8.6–16%), Utah stage III (16.1–21%), and Utah stage IV (>21.1%). In our simulations,
low and high fibrosis densities were considered, corresponding to the Utah fibrosis stages I
and IV, respectively [55]. The fibrosis model was implemented only in the left atrium in
agreement with clinical observations on the predominance of fibrotic remodeling in the left
atrium of AF patients [75] and taking into account that the involvement of left atrial fibrosis
in the genesis of AF has been widely reported in animal models and humans [76–79].

We assessed the effect of the fibrosis configurations on the APD and conduction
velocity. Our results suggest that the presence of fibrosis produces a slight APD reduction,
in agreement with Trenor et al. [80] and Morgan et al. [81]. A significant reduction in
the conduction velocity was observed in all fibrosis configuration, with a larger effect
observed at high fibrosis density. The effect of fibroblasts on conduction deceleration have
been reported in experimental [31], and simulation studies, where the increase in fibrosis
density [81,82] and microfibrosis [83], reduced the conduction velocity. Zhan et al. [84]
showed that fibroblasts can alter the conduction velocity with fibrosis densities of 40% and
45%. An in vitro and in silico study [85] showed that an increase of the fibrotic obstacle
strand resulted in significant conduction slowing up to 23.6% and a significant increase
in the wavefront curvature anisotropy. The relationship between the conduction velocity
reduction and the fibrosis density increase was found in most of our configurations, except
in the myofibroblasts configuration. This behavior was also observed in [31], with a
cell line of myofibroblasts coated on cardiomyocytes strands. On the contrary, studies
with primary cultures of ventricular tissue of rats and by simulation [86,87] reported
a conduction velocity reduction with increasing myofibroblast density. Further studies
should be conducted aiming to elucidate the extent of the effect of myofibroblasts in the
atrial electrophysiology.

Since the electrophysiological measures of conduction velocity and APD are biomark-
ers of the arrhythmic state of the atria, the resulting tree of the locus CV versus APD,
provides a view of the progression of such arrhythmic state as the fibrosis configuration
changes, by considering the AF without fibrosis scenario as the root of the tree. It is inter-
esting to see that, for the low density, two bifurcations occur. The first bifurcation generates
an external branch (fibroblasts + myofibroblasts) which is the last configuration in which
the myofibroblasts plays a role in the AF dynamics. The second bifurcation generates two
leaves corresponding to fibroblasts and fibrocytes. On the other hand, the high fibrosis tree
presents a single bifurcation that generates a leaf corresponding to fibroblasts, and a branch
that ends with fibrocytes. It is known that under disease conditions, fibroblasts differenti-
ate into myofibroblasts [30], which agrees with the trees having these cells initiating the
fibrosis proarrhythmic effect. Progression continues with myofibroblasts combined with
fibrocytes which infiltrate into the atrial tissue as a response of wound healing, followed by
intermingled action of the three fibrotic cells. The course of the arrhythmogenicity reaches
the more advanced stage when single fibroblasts or fibrocytes are modulating the atrial
electrophysiology. It is noteworthy that the tree corresponding to the low-density case,
suggest an earlier action of fibrocytes that the one observed for the high-density case. This
may be related to the fact that initial states of fibrosis occur at low presence of fibrotic
elements of the tissue [55]; at that early stage, circulating fibrocytes are being recruited to
contribute to the myofibroblast population [23,35], then, a high fibrosis density occurs at
advanced stages. Therefore, our results provide insights into the fibrosis course that is in
agreement with experimental and clinical observations [20,31,86,88]. Moreover, the models
suggest a relevant role of fibrocytes that should be further investigated.

Our results show fibrosis-relevant effects on electrical propagation patterns during
AF. The activity simulated in presence of fibrocytes included zigzag propagation and
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re-entries. Zigzag activation has been reported in different works. In a high-resolution
cardiac mapping study [82], an activation delay was observed between sites perpendicular
to the direction of the fiber, leading to a zigzag activation pattern, similarly to that reported
by King et al. [20], and Mandapati et al. [89]. The results obtained with the fibroblasts
configuration, showing mainly rotors generation, are in agreement with computational
studies by McDowell et al. [90], Comtois et al. [91], and Zahid et al. [49], who have shown
rotors localized near to areas of fibrosis in 3D atrial models. On the other hand, the activity
simulated in the presence of myofibroblasts induced a more regular fibrillatory activity
with wavefront collisions. Some studies have reported the role of myofibroblasts in the
atrial arrhythmogenesis promoting abnormal impulse conduction [14,31,34].

For each fibrosis configuration, the effect was strengthened by increasing the fibrosis
density. The higher the density of fibrosis, the more chaotic was the simulated fibrillatory
activity. Several studies suggest that the amount of fibrosis is associated with increased
vulnerability to atrial arrhythmias [15,17,18]. In a study with 61 patients [92], higher
fibrosis stages were associated with AF recurrence and a poor outcome following ablation
therapy. Kheirkhahan et al. [93], in 127 patients with AF underwent ablation, reported a
mean fibrosis density in the left atrium of 25.7 ± 9.6%, where the fibrosis formation ≥21%
(stage 4 of Utah) was associated with a significantly increased risk of atrial arrhythmia
recurrence. In a study where six diffuse fibrosis levels were simulated, based on magnetic
resonance imaging, short-term rotors were observed at low density levels, and long-
term rotors and multiple re-entries were observed at high-density levels [81]. To our
knowledge, no study has taken into account the three types of fibrotic cells that have been
experimentally documented.

We also assessed the effect of fibrosis on simulated EGMs. The EGMs recorded during
the different fibrosis configurations showed double and fragmented potentials, mainly in
regions of the left atrium. This result is in agreement with Jacquemet et al. [83], who showed
that myocardial fibrosis affects the EGM morphology, presenting more fragmentation with
increasing fibrosis density. Our EGMs analysis showed no left-to-right DF gradient during
AF without fibrosis; however, all fibrosis configurations decreased the DF mean in the left
atrium at different ratio, leading to left-to-right DF gradients between both atria, which
is explained by the fact that fibrosis was implemented only in the left atrium. Small
gradients were generated at low fibrosis densities, instead, significant gradients were
obtained at high fibrosis densities, the fibrocyte being the fibrotic cell-type with the greatest
effect on increasing the DF gradient. Our results are consistent with an experimental
study that concluded that diffuse fibrosis and densely fibrotic regions markedly increase
the variability and complexity of electrical propagation patterns, leading to DF value
reduction [88]. Several studies in both, animals and humans under AF conditions have
shown DF gradient between both atria [94,95]. The DF gradients have also been observed
in patients with persistent AF with the presence of fibrosis [96,97].

5. Limitations

The Courtemanche et al. model was used here to simulate cellular action potentials
of human atrial myocytes, which is particularly suitable for the human left atrium, the
limitations of this model have been discussed elsewhere [98]. Our results were obtained
using a virtual atrial model with detailed anatomical structure and physiology (i.e., elec-
trophysiology, anatomy, fiber direction, anisotropy and heterogeneity). However, it is
a general atrial model. Future studies should incorporate patient-specific atrial models
since the variability between patients is a common clinical problem when diagnosing
atrial arrhythmias. Similarly, the simulated fibrosis configurations do not correspond to a
reconstruction from patient-specific images. Despite the incorporation of the electrical and
structural remodeling observed in patients with persistent AF through different configura-
tions of diffuse fibrosis, including the three types of fibrotic cells, the patchy and compact
fibrosis were not considered. Future investigations should assess the three different fibrosis
textures and fibrosis accounting for the four Utah stages, under distinct percentage ranges
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for each stage. Finally, the fibrocyte cell was represented using a fibroblast model with very
low conductivity, based on experimental evidence of conduction blocks in atrial tissue with
the presence of fibrocytes. Future studies should consider a specific electrophysiological
model for the fibrocyte.

6. Conclusions

The effect of the configuration and density of three types of fibrotic cells on the
fibrillatory dynamics during persistent AF was evaluated by implementing a realistic
3D model of human atria. A significant conduction velocity reduction at high fibrosis
density increased vulnerability to multiple re-entries, zigzag propagation, and chaotic
activity in fibrillatory dynamics. The chaotic propagation patterns and the left-to-right DF
gradients depend on the configuration and density of fibrosis, where a larger proarrhythmic
effect was observed at high fibrosis densities in the presence of fibrocytes. Our results
contribute to a better understanding of the roles of diffuse fibrosis density and the type and
configuration of fibrotic cells on fibrillatory dynamics that could help in the development
of newer and more effective treatment approaches for persistent AF.
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10.3390/cells10102769/s1. Video S1: atrial fibrillation without fibrosis; Video S2: fibroblasts con-
figuration at low density; Video S3: fibroblasts configuration at high density, Video S4: fibrocytes
configuration at high density, Video S5: fibroblasts + myofibroblasts + fibrocytes at high density.
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