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Background: Themechanismbywhich atrial fibrosis leads to the production andmaintenance of atrial fibrillation
(AF) is unclear. Myocardial biopsies, which have often been used in previous studies, are taken from a single site
and do not always reflect the overall condition of atrial fibrosis.
Aims: The aim of this study was to investigate the location of fibrosis in the atria induced by mitral regurgitation
(MR) and its effect on atrial electrophysiology and vulnerability to AF.
Methods: Nineteen pigs were divided into three groups. The control group (n=6) underwent a sham operation, and
the experimental groups underwent an MR induction operation and were observed for 3 (n=7) or 6 (n=6)months.
All the animalswere tested for vulnerability to AF. Then, the atriawere divided into 12 regions: 6 in the left atrium (LA)
and 6 in the right atrium (RA). The conduction velocities (CVs) and effective refractory periods (ERPs) in different re-
gionswere examined by electroanatomicmapping, andfibrosis in different regionswas examined byMasson staining.
Results:With the duration of MR, fibrosis (3.11%± 0.08% in the control group, 5.85%± 0.42% in the 3-month group
and 8.17%± 0.23% in the 6-month group, Pb.001), vulnerability to AF (0/6 in the control group, 2/7 in the 3-month
group and 5/6 in the 6-month group, Pb.05) and the effective refractory period (220.1±1.1ms in the control group,
244.4±1.4 ms in the 3-month group and 289.0±8.9 ms in the 6-month group, Pb.001) were increased, while the
conduction velocity (1.39±0.16 m/s in the control group, 1.04±0.05 m/s in the 3-month group and 0.89±0.02
m/s in the 6-month group, Pb.001) was reduced. These pathophysiological changes were not uniform in different
regions of the atria (3.83% ± 0.25% in right atrial fibrosis vs 8.22% ± 0.83% in left atrial fibrosis, Pb.001; 5.09% ±
0.34% in the right atriumvs11.76%±0.52% in the left atrium, Pb.001). Anegative correlationwas identifiedbetween
fibrosis and conduction velocity (Pb.001 in the 3-month and 6-month groups), but no correlation was found be-
tween fibrosis and the effective refractory period (P=.829 in the 3-month group and P=.093 in the 6-month
group). Susceptibility to AF was associated with the dispersion of atrial fibrosis (P=.023).
Conclusions:With the duration of MR, atrial fibrosis increased, and the degree of increase was not uniform among
different areas of the atria. The dispersion of atrial fibrosis may contribute to increased susceptibility to AF by
influencing the conduction velocity rather than the effective refractory period.
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1. Introduction

Atrial fibrosis plays an important role in atrial fibrillation (AF) during
both the accumulation of lesions before AF and maintenance after AF in-
duction. Increased atrial fibrosis has been confirmed in patients with in-
creased susceptibility to AF [1], in those with paroxysmal [2], persistent
[3], long-standing persistent [4], or valvular AF [5], and in AF animal
models induced by burst pacing [6], various operations to increase atrial
load combined with burst pacing [7,8], or different AF substrates, includ-
ing rats and sheepwith hypertension [9,10], sheep or dogswith heart fail-
ure [11,12], sheep with obesity [13], and rats with diabetes [14].

However, the mechanism of atrial fibrosis that leads to the produc-
tion and maintenance of AF is unclear. Some studies have provided ev-
idence from post-mortem autopsy findings, analyses of specimens
obtained intraoperatively, delayed enhancement-MRI investigations,
and electroanatomic mapping studies that some patients with paroxys-
mal AF havemassive fibrosis, whereas some patients with persistent AF
have mild fibrosis [15]. In those studies, tissues from a single part of the
atriumwere used to evaluate atrial fibrosis [2–8], which does not reflect
the overall condition of atrial fibrosis. However, the heterogeneity of
atrial tissue is thought to be the main characteristic of atrial cardiomy-
opathy, a gradually accepted matrix of atrial arrhythmias [16], and
may lead to heterogeneity of electrical remodeling in the myocardium,
which provides the conditions for the occurrence of multiple re-
entries [17–19]. Overall evaluation of atrial fibrosis can help us to fur-
ther understand the effects of atrial fibrosis on atrial fibrillation.

In this study, the atria of pigs with mitral regurgitation (MR) were
divided into different regions, and the characteristics of fibrosis and
electrophysiology in each region were evaluated by histopathology
and an electroanatomic mapping system, respectively, to investigate
the location of fibrosis in the atria induced byMR and its effect on atrial
electrophysiology and vulnerability to AF.

2. Methods

2.1. Animal protocol

Nineteen pigswere divided into three groups. The control group (n=6)
underwent a sham operation, and the experimental groups underwent an
MR induction operation and were observed for 3 (n=7) or 6 (n=6)
months. All the animals underwent an assessment of vulnerability to AF,
electroanatomic mapping, and atrial histological analysis after reaching
theobservationperiod.All animalprocedureswereapprovedby theAnimal
Welfare Ethics Committee of Fuwai Hospital of Peking Union Medical Col-
lege, and all experimentswere conducted in strict accordancewith the Na-
tional Institutes of Health Guide for the Use of Laboratory Animals.

2.2. Establishment of the MR model

The MR model was established with male miniature pigs provided
by the Animal Experimental Center of Fuwai Hospital. The animal
Fig. 1.Mitral valve and ultrasound imaging. (A) The white arrows indicate themitral valve leafl
view showing blood flowing through the mitral valve and back into the left atrium. (C) Contin
models were established by previously described methods (Fig. 1)
[20]. Two requirements needed to be met during the operation: the
area of the MR beam/left atrium had to be greater than 40%, and the
pressure difference in the left atrium before and after the operation
had to be greater than 5 mmHg. Anti-heart failure and anti-infection
therapy lasting 1–2 weeks after the operation was necessary to cause
the model to transition from acute MR to chronic MR.

2.3. AF vulnerability test

The femoral vessels were cannulated, a fixed bent electrode catheter
(APT Medical, Inc., Shenzhen) was placed in the coronary sinus for re-
cording, and a 10-pole mapping catheter (APT Medical, Inc., Shenzhen)
was placed in the auricula dextra for pacing. The test was carried out as
previously described [21]. Rapid pacing lasting 10 s was used to detect
vulnerability to AF, with a frequency of 1200 beats perminute, a current
of 5 mA and a pulse width of 2.5 ms. Each animal was tested 10 times,
and the duration of AF was recorded. The longest duration of AF was
considered the final result. AF lastingmore than 10minwas considered
sustained and was terminated by electrical defibrillation.

2.4. Division of the atria

The atriawere partitioned duringhistopathological examination and
electroanatomic mapping (Fig. 2). The right atriumwas divided into six
regions: the right atrial auricle, tricuspid isthmus, anterior and posterior
walls of the right atrium, and superior and inferior entrances of the vena
cava. The tricuspid isthmus was defined as the area between the tricus-
pid valve and the inferior vena cava. The posterior wall of the right
atrium was defined as the area surrounded by the cristae terminalis
and the posterior edge of the atrial septum. The anterior wall of right
the atrium was defined as the adjacent area prior to the cristae
terminalis. The entrance of the vena cavawas defined as the transitional
area of the vena cava and atrium. The left atriumwas divided into six re-
gions: the left atrial auricle, atrial septum, left atrial posteriorwall, top of
the left atrium, ostia venarum pulmonalium, and mitral isthmus. The
mitral isthmus was defined as the area between the lower edge of the
lower pulmonary vein and the mitral annulus. The posterior wall of
the left atrium was defined as the central area surrounded by the pul-
monary vein orifice. The top of the left atrium was defined as the area
above the superior edge of the superior pulmonary vein. The atrial sep-
tumwas defined as the commonwall of the left and right atria. The pul-
monary vein orifice was defined as the transitional areas of pulmonary
veins and the atrium.

2.5. Electroanatomic mapping

Left atrial activation mapping was performed during sinus rhythm
using an electroanatomicmapping system (Hongtong Industry, Shanghai)
and a pulmonary venous annular mapping catheter (APT Medical, Inc.,
Shenzhen). When the electrode catheter is dragged along the
et with a broken tendon, which includes the P2 and P3 areas. (B) The apical four-chamber
uous-wave Doppler at the level of the mitral valve showing holosystolic regurgitant flow.



Fig. 2.Division and nomenclature of the atria. A is a diagrammatic sketch of the atria; B, C, D and E are actual photographs of the atria; F, G, H and I are 3D electroanatomicmapping images.
The right atrium was divided into six regions: 1. right atrial auricle, 2. tricuspid isthmus, 3. anterior wall of the right atrium, 4. posterior wall of the right atrium, 5. superior vena cava
entrance, and 6. inferior vena cava entrance. The left atrium was divided into six regions: 7. left atrial auricle, 8. mitral isthmus 9. atrial septum, 10. top of the left atrium, 11. left atrial
posterior wall, and 12. ostia venarum pulmonalium.
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endocardium, the system automatically stores each endocardial contact
point. The heart cavity was mapped automatically and displayed on a dis-
play screen in three-dimensional form (Fig. 3). Some images that were
considered abnormal by the operator were removed by an engineer.
Fig. 3. Atrial structure by electroanatomic mapping. The right atrium is gray, and the left atrium is
2.6. Effective refractory period (ERP) test

ERPs were measured with the S1S2 method at the twelve locations
of the atrium. Four-times the diastolic threshold was used for the test,
blue and is shown in a positive posterior position (A) and a left anterior oblique position (B).



Fig. 4. Calculation of CV. A color-coded atrial activation sequence diagram was created, with red indicating the earliest active region and purple indicating the last active region. B. The
conduction velocity between the two measured points was defined as the distance between the two points divided by the difference in activation time.
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and S2 was decreased in 5-ms steps after 8-beat drive trains with basic
cycle lengths of 450 ms. The ERP was defined as the first S1-S2 interval
that did not depolarize the atrium.

2.7. Local conduction velocity (CV)

The CVs were measured according to methods reported in previous
literature [22]. A color-coded atrial activation sequence diagram was
created, with red indicating the earliest activation area and purple indi-
cating the latest activation area. The CV between the two measured
points was defined as the distance between the two points divided by
the difference in activation time (Fig. 4).

2.8. Histological analyses

Atrial tissue was removed immediately after the animals were eu-
thanized, and the epicardial connective tissue was removed to avoid
overestimating fibrosis. The atrial tissue was cut into small pieces, ap-
proximately 1.0×0.5 cm in size, and fixed in 10% formalin for 48 h. The
tissue was rinsedwith runningwater for 3 h to remove any residual fix-
ative. Dehydration, clearing and paraffin infiltration of the tissues were
performed with a vacuum tissue processor (Leica ASP200). Embedding
was performed with a paraffin embedding station (Leica EG1150H).
Sectioning was performed with a manual rotary microtome (Leica
RM2235)with a thickness of 4 μm. Pathological sections were produced
with a water bath and slice baking machine (Leica HI1220). Masson
staining was performed with a trichrome staining (Masson) kit
(Sigma Inc., USA) to assess fibrosis. All operations were performed ac-
cording to the manual included in the Masson kit: Stain in working
Weigert's iron hematoxylin solution for 5 min. Wash in running tap
water for 5 min. Rinse in deionized water. Stain in Biebrich scarlet-
acid Fuchsin for 5min. Rinse in deionized water. Place slides inworking
phosphotungstic/phosphomolybdic acid solution for 5 min. Place slides
in aniline blue solution for 5min. Place slides in 1% acetic acid for 2min.
Discard solution. Rinse slides, dehydrate with alcohol, clear in xylene
Fig. 5. Results of the AF vulnerability test. The mean duration of atrial fibril
and mount. The coverslips used were Consul coverslips (Leica
CV5030). Collagen stained blue, and myocardial cells stained red. The
pathological sections were photographed with a microscope (Zeiss
Axio Scan.Z1). Images were stored and used for semi-quantitative anal-
ysis of the extent of fibrosis with Image-Pro Plus 6.0 (GelDoc2000, Bio-
Rad). The blue area was automatically measured and could bemanually
corrected if necessary such that the blue area in the field of vision could
be calculated correctly. The collagen volume fraction was calculated as
follows: collagen volume fraction (CVF, %) = (total area of collagen/
total area of the image) × 100%. For each specimen, 10 fields were ran-
domly selected, and the average value was taken as the final result.

2.9. Statistical analysis

Continuous variables (fibrosis, CV, ERP and AF duration) are
expressed as the mean ± standard deviation (SD), and categorical
data (vulnerability to AF) are expressed as numbers. Comparisons of
quantitative data between two groups were tested using t-tests. Com-
parisons of quantitative data between multiple groups were tested
with one-way ANOVA and the LSD test. Categorical data between
groups were compared using the chi-square test. The correlation be-
tween two continuous variables was analyzed by measuring Pearson's
correlation coefficient (r). Multiple linear regression was used to assess
the association between vulnerability to AF and atrial fibrosis. Separate
models were developed using the duration of atrial fibrillation as the
outcome variable. The independent variables were the standard devia-
tion of fibrosis and the mean of fibrosis. Pb.05 was considered statisti-
cally significant. The software SPSS 24.0 was used for statistical analysis.

3. Results

3.1. Vulnerability to AF

The experimental animals in each group were randomly examined
with electrocardiograms (ECGs) before and after the operation, and no
lation (A) and the percentage of sustained AF (B) in the three groups.



36 B. Li et al. / Cardiovascular Pathology 40 (2019) 32–40
spontaneous AFwas noted. All the animals were tested for vulnerability
to AF. Sustained AF (N10 min) was not observed in any of the 6 control
pigs, while sustained AF was inducible in 2 of 7 pigs in the 3-month
group and 5 of 6 pigs in the 6-month group (χ2, Pb.05) (Fig. 5). The av-
erage longest duration of an AF episode was 6.7±8.4 s in the control
group, 287.0±231.4 s in the 3-month group and 520.0±195.1 s in the
6-month group.

3.2. Histological analyses

The average values of fibrosis in the 12 sites of the atriawere defined
as the mean of atrial fibrosis, and the average values of fibrosis in the 6
sites in right and left atria were defined as themean value of right fibro-
sis and the mean value of left atrial fibrosis, respectively. Similar calcu-
lations were performed for the CV and ERP.

3.2.1. Fibrosis increased with the duration of MR
The mean values of atrial fibrosis increased with the duration of MR

and were 3.11% ± 0.08% in the control group, 5.85% ± 0.42% in the 3-
month group and 8.17%± 0.23% in the 6-month group (Pb.001). A sep-
arate comparison of themean values of left atrial and right atrialfibrosis
also showed similar results. Themean values of right atrialfibrosis were
3.11%±0.18% in the control group, 3.83%±0.25% in the3-month group
and 5.09% ± 0.34% in the 6-month group (Pb.001), while the mean
values of left atrial fibrosis were 3.11% ± 0.24%, 8.22% ± 0.83% and
11.76% ± 0.52%, in the control, 3-month and 6-month groups, respec-
tively (Pb.001).

3.2.2. Fibrosis in different parts of the atrium was inconsistent
No difference was observed between the mean values of left and

right atrial fibrosis in the control group (3.11% ± 0.18% and 3.11% ±
0.24%, respectively, P=.960). The mean value of left atrial fibrosis was
higher than that of right atrial fibrosis in the 3-month (3.83% ± 0.25%
and 8.22% ± 0.83%, respectively, Pb.001) and 6-month groups (5.09%
± 0.34% and 11.76% ± 0.52%, respectively, Pb.001). Among the three
groups, no difference was observed in fibrosis between the six different
parts of the right atrium (P=.669 in the control group, P=.848 in the 3-
Fig. 6.Masson stainingof the left atrial auricle and left atrial posteriorwallMasson stainingof lef
staining of the left atrial posterior wall in the control group (D), 3-month group (E) and 6-mo
month group, and P=.458 in the 6-month group). A significant differ-
ence in fibrosis was observed between the six different parts of the
left atrium in the 3-month (Pb.001) and 6-month groups (Pb.001), but
no difference was found in the control group (P=.846) (Figs. 6, 7A
and 8).

3.3. Local CV

3.3.1. Atrial CV decreased with the duration of MR
The mean atrial CVs decreased with the duration of MR and were

1.39±0.16 m/s in the control group, 1.04±0.05 m/s in the 3-month
group and 0.89±0.02 m/s in the 6-month group (Pb.001). A separate
comparison of the left atrium and the right atrium also showed similar
results. The mean right atrial CVs were 1.41±0.14 m/s in the control
group, 1.20±0.03 m/s in the 3-month group and 1.13±0.03 m/s in the
6-month group (Pb.001), while the mean left atrial CVs were 1.36±
0.22 m/s, 0.86±0.08 m/s and 0.62±0.02 m/s in the control, 3-month
and 6-month groups, respectively (Pb.001).

3.3.2. Atrial CVs in different parts of the atria were inconsistent
No difference was observed between the mean left and right atrial

CVs in the control group (1.45±0.10 and 1.44±0.08, respectively, P=
.860). The mean left atrial CV was lower than the right atrial CV in the
3-month (0.86±0.07 and 1.20±0.32, respectively, Pb.001) and 6-
month groups (0.62±0.02 and 1.13±0.03, respectively, Pb.001). No dif-
ference was observed in the CV in the six different parts of the right
atrium (P=.705 in the control group; P=.646 in the 3-month group;
and P=.066 in the 6-month group). A difference in the CVwas foundbe-
tween the six different parts of the left atrium in the 3-month (Pb.001)
and 6-month groups (Pb.001), but no difference was found in the con-
trol group (P=.543) (Fig. 7B).

3.4. ERP

3.4.1. ERP increased with the duration of MR
Themean ERPs increased with the duration of MR andwere 220.1±

1.1 ms in the control group, 244.4±1.4 ms in the 3-month group and
t atrial auricle in the control group (A), 3-month group (B) and 6-month group (C);Masson
nth group (F) (bar=100 μm).



Fig. 7. Fibrosis (A), CV (B) and ERP (C) in different parts of the atria in the three groups of experimental animals.
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289.0±8.9ms in the 6-month group (Pb.001). A separate comparison of
the ERPs of the left atrium and the right atrium also showed similar re-
sults. Themean ERPs of the right atriumwere 220.2±2.3 ms in the con-
trol group, 238.6±3.1 ms in the 3-month group and 280.5±12.4 ms in
the 6-month group (Pb.001), while the mean ERPs of left atrium were
219.5±1.8, 251.4±2.9 and 299.3±5.3 in the control, 3-month and 6-
month groups, respectively (Pb.001).

3.4.2. Atrial CVs in different parts of the atrium were inconsistent
No difference was observed between the left and right atrial ERPs in

the control group (220.2±2.3 ms and 219.5±1.8 ms, P=.670). The left
atrial ERP was longer than the right atrial ERP in the 3-month (238.6±
3.1 ms and 251.4±2.9 ms, P=.001) and 6-month groups (299.3±
5.3 ms and 280.5±12.4 ms, P=.003) (Fig. 7C).

3.5. Vulnerability to AF was associated with the distribution of left atrial
fibrosis

The distribution of fibrosis in different parts of the left atrium in-
creased with the duration of MR. In the 6-month group, the SD and co-
efficient of variation of left atrial fibrosis were 4.30% and 0.37,
respectively, and in 3-month group, these values were 2.61% and 0.32,
respectively, while the SD and coefficient of variation were only 0.16%
and 0.05, respectively, in the control group. Multiple linear regression
Fig. 8. Fibrosis in different parts of the atria in the three groups of experimental animals.
The height of the column represents the degree of fibrosis.
models showed that the standard deviation rather than the mean
value of fibrosis was associated with the duration of atrial fibrillation
(Table 1).

3.6. Relationship among fibrosis, ERP, and CV

Data from different locations of the left atrium in the MR groups
were used for a correlation analysis. A negative correlation was identi-
fied between fibrosis and CV in the 3-month group (Pearson correlation
coefficient: -0.701, Pb.001) and the 6-month group (Pearson correlation
coefficient: -0.830, Pb.001). No correlation was found between fibrosis
and the ERP in the 3-month group (Pearson correlation: -0.034, P=
.829) or the 6-month group (Pearson correlation: -0.284, P=.093)
(Fig. 9).

4. Discussion

Themajor finding of this study is that varying degrees of atrial fibro-
sis occur in different parts of the atria duringMR, whichmay affect vul-
nerability to AF by influencing atrial CV.We can see from this study that
fibrosis in the left atrium is more serious than fibrosis in the right
atrium. In the left atrium, the posterior wall and pulmonary vein orifice
develop the most severe fibrosis, followed by the top of the left atrium
and themitral isthmus, and then the atrial appendage and the atrial sep-
tum. The vulnerability to AF increased with increases in the mean value
of atrial fibrosis. Atrial CV decreased with the duration of MR and was
negatively correlated with atrial fibrosis. The ERP of the atria was
prolonged with the duration of MR but was not associated with atrial
fibrosis.

During MR, the formation and redistribution of connective tissue fi-
bers modulate the geometric structure of the myocardium to adapt to
new pathophysiological functional conditions and to prevent or mini-
mize the effects of new mechanical, chemical and electrical stimuli
Table 1
Multiple linear regression models showing that the standard deviation rather than the
mean value of fibrosis is associated with the duration of atrial fibrillation

Independent variables β Standard error Standardized β P

Average of fibrosis −49.972 64.103 −0.378 .447
Standard deviation of fibrosis 559.255 221.967 1.250 .023



Fig. 9. The relationship between fibrosis and CV in the 3-month (A) and 6-month groups (B); The relationship between fibrosis and ERP in the 3-month (C) and 6-month groups (D).
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[23]. This adaptation process involves changes in cellular components as
well as changes in the extracellularmatrix [24]. Thismyocardial remod-
eling has been considered to be atrial cardiomyopathy, which is defined
as “any complex of structural, architectural, contractile or electrophysi-
ological changes affecting the atria with the potential to produce clini-
cally relevant manifestations” and is divided into four categories
according to changes in cardiomyocytes and fibrosis. Valvular atrial car-
diomyopathy is classified as category III, remodeling combined with
cardiomyocyte pathology andfibrosis [16]. The reasons for atrialfibrosis
due to MR may be as follows: Increased left atrial strain induced by MR
promotes fibrosis, and the uneven strain of the left atrium caused by left
atrial blood turbulence [25] may be the cause of the heterogeneity of
atrial fibrosis. Increased hormones during MR, such as angiotensin
[26] and endothelin-1 [27], can also promote myocardial fibrosis. Un-
even distribution of receptors in the atrium may be another cause of
the heterogeneity of atrial fibrosis.

AF is associatedwith structural and electrical remodeling of the atria.
The occurrence and progression of atrial fibrosis are hallmarks of struc-
tural remodeling, and atrial fibrosis is considered the substrate for AF
maintenance. Advanced atrial fibrosis is associated with more frequent
paroxysms of AF, transformation of AF into a permanent type, and re-
duced effectiveness of antiarrhythmic drug [28], ablation [29] or maze
operation [5] therapy. These results have also been confirmed in this ex-
periment, and prolongation of the AF duration is related to the mean
value of atrial fibrosis and the mean values of right and left atrial fibro-
sis. However, someprevious studies have found that somepatientswith
paroxysmal AF have massive fibrosis, while some patients with persis-
tent AF show mild fibrosis [15]. This outcome may be due to two rea-
sons: (1) In previous studies, atrial samples were often taken from a
single site, which did not represent the overall fibrotic state of the
atria. In this study, increased AF vulnerability was associated with the
mean value of atrial fibrosis rather than fibrosis of a single site. (2) Atrial
fibrosis is dependent not only on severity but also on another dimension
that affects AF. In this experiment, one animal with a higher degree of
fibrosis in the 6-month group showed a negative result on the AF vul-
nerability test, while two animals with a lesser degree of fibrosis in
the three-month group showed a positive result on the AF vulnerability
test. The heterogeneity of atrial fibrosis seems to be associated with AF.
This view is proved by the fact that the sustained AF pigs had greater
SDs and coefficients of variation of fibrosis in different parts compared
to the non-sustained AF pigs in the MR groups.

Collagen deposition in the extracellular stroma of cardiomyocytes
results in increased myocyte-myocyte distances and physically blocks
atrial conduction, which can cause decreased CV and regional conduc-
tion block [30]. Induction of an activation delay, which is caused by
propagation of the activation front around inexcitable barriers of colla-
gen, can be observed in atrial tissue in patients with AF [31]. Other in-
vestigators have shown that sites of increased fibrosis are often
involved in the generation of a unidirectional conduction block [32].
Factors other than the lack of conduction by collagen fibrils may explain
the decreased CV in fibrotic regions. Some evidence suggests that
myocytes may form electrical connections with fibroblasts through
gap junctions, while these cells have different electrophysiological
properties compared to the surrounding cardiomyocytes. Fibroblasts
are essentially nonexcitable cells but can transfer currents between
cardiomyocytes via connexins in vitro. An uneven distribution of fibro-
blasts may result in heterogeneous current conduction [33]. Three-
dimensional computational models based on patient-specific atrial ge-
ometry revealed proliferation of myofibroblasts and that their electrical
interaction with cardiomyocytes was sufficient for re-entry formation,
even in the absence of fibrosis [34]. These data are compatible with
our observation that interstitial fibrosis leads to discontinuous propaga-
tion and spatial dispersion of conduction, creating a potential substrate
for re-entry. During rapid pacing, the atria showhigh anisotropy and ac-
tivation delays, which may result in heterogeneous conduction, such as
the occurrence of a unidirectional conduction block and re-entry, facili-
tating both the induction and maintenance of AF. Thus, radiofrequency
or other thermal ablation and surgical sectioning may address atrial fi-
brillation by blocking the path of re-entry at the edges of different
areas with different fibrosis levels [35,36].

The ERPs in different parts of the atria were detected in this study.
The results showed that the mean ERP was prolonged during MR, and
this conditionwas aggravated by the duration ofMR. Thisfinding is con-
sistent with those of previous animal model studies [21,37] and clinical
observatories [38] in which an increase in the atrial ERPwas considered
to be associated with atrial dilation. However, other studies have also
shown no change [39] or a decrease [40,41] in the atrial ERP during
atrial dilation. A decrease in the atrial ERP is considered to promote
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the occurrence of re-entry arrhythmias, whereas prolongation of the
atrial ERP is often considered to be a protective mechanism against ar-
rhythmias. In this study, as MR continued, the ERP not only became
prolonged but its dispersion also increased, which fits with another
view that dispersion of the ERP is an important cause of AF [42,43]. Pro-
longation of the atrial ERP and the increase in dispersion may be in-
duced by other causes, such as inflammation [44] and changes in the
autonomic nervous system [45] and ion channels [46], which are not af-
fected by fibrosis or synchronized with the progression of fibrosis.

The relationship between the distribution of fibrosis and atrial fibril-
lation has many prospective clinical applications. The distribution of fi-
brosis can be used as a predictor of atrial fibrillation; for example, MR
patients at a high risk of atrialfibrillationmay benefit frommore aggres-
sive surgical treatment [47]. With the generalization of ablation treat-
ment for atrial fibrillation, limited overall success rates and a frequent
need for re-ablations are problems that currently concern doctors. A
better understanding of an arrhythmia's substrate will provide more
ideas to improve ablation protocols [48]. In addition, the development
of various detection technologies hasminimized the difficulty of detect-
ing atrial fibrosis. A variety of methods, such as echocardiography [49],
cardiac magnetic resonance imaging [50], and three-dimensional elec-
troanatomic mapping [51], can be used to detect fibrosis, which allows
us to understand atrial fibrosis in patients with AF without myocardial
biopsies and to conductmore studies on the relationship between atrial
fibrillation and the distribution of fibrosis.

The increased susceptibility to atrial fibrillation caused by MR is due
tomultiple causes and not simply atrial fibrosis. Chronic atrial dilatation
is thought to be another cause of atrial fibrillation duringMR. Almost all
of the diseases associated with a high incidence of atrial fibrillation are
associated with enlargement of the left atrium, such as aortic stenosis
[48], heart failure [52], and mitral stenosis [53]. In these AF models,
with either rapid pacing [54] or heart failure [55], the size of the LA in-
creases. Studies have shown that dilation of the left atrium leads to
shortening of the effective refractory period of the atrium, which is
thought to be the cause of atrial fibrillation.

5. Limitations

This study has the following limitations: (1) All experimental ani-
mals used in this study were juvenile pigs. The effect of age on myocar-
dial fibrosis or AF susceptibility was not evaluated in this study but may
be of critical importance in humans. (2) In this study, MR in experimen-
tal animalswas caused by rupturing the chordae tendineae of the poste-
rior mitral valve leaflet; however, human MR occurs through different
mechanisms. (3) Myocardial fibrosis is more likely to develop in pigs
[56], and myocardial fibrosis occurs by different processes in humans
and pigs duringMR. Further study of humanmyocardial tissue is neces-
sary. (4) The atrial segmentation in this studywas bulky, and the degree
of fibrosis in the same area may not have been consistent. We only cal-
culated the average fibrosis of an area to represent the degree of fibrosis
in the region. More detailed segmentation could more realistically re-
flect the distribution of fibrosis. (5) Electroanatomicmapping and path-
ological anatomy can only reflect regional relativity rather than point-
to-point relativity, which inevitably leads to spatial differences between
electrophysiological data and pathological data.

6. Conclusion

With the duration of MR, atrial fibrosis increased, and the degree of
increase was not uniform in different areas of the atria. Fibrosis in the
left atrium is more serious than fibrosis in the right atrium. In the left
atrium, the posterior wall and pulmonary vein orifice had the most se-
vere fibrosis, followed by the top of the left atrium and the mitral isth-
mus, and then the atrial appendage and atrial septum. The
distribution of atrial fibrosis in different locations of the atrium may
contribute to increased vulnerability to atrial fibrillation. Atrial fibrosis
may achieve this effect by influencing the conduction velocity rather
than the effective refractory period.
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