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Atrial fibrillation (AF) is one of the most common tachyar-

rhythmias encountered in clinical practice. AF is associ-

ated with structural and electrical remodeling of the atri-

al myocardium. Atrial fibrosis, indicative of  structural 

remodeling, is a complex multifactorial process that con-

tributes to the initiation and maintenance of AF. Although 

the relationship between AF and fibrosis has been actively 

investigated for a considerable time in clinical and path-

omorphological studies, this process is  extremely com-

plex and involves intricate neurohumoral, cellular, and 

molecular interactions that are not limited to the  atria. 

The  mechanisms by  which atrial fibrosis contributes to 
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Introduction
Atrial fibrillation (AF) is  one of  the  most persistent 

and widespread cardiac rhythm disorders. Its onset 

and subsequent maintenance are pathogenetically 

linked to structural atrial remodeling. Longterm fol-

lowup of patients with AF helps to determine to what 

extent changes in  their clinical status correspond 

to the  degree of  progression of  structural changes 

in  the atria  [1, 2]. However, a close relationship be-

tween characteristic atrial alterations and the clinical 

picture of the disease is not observed in every case. 

The  results of  numerous clinical and experimental 

studies, based on  repeated atrial myocardial biop-

sies, indicate that an increase in the percentage of fi-

brosis is accompanied by a higher frequency and lon-

ger duration of arrhythmia [3, 4]. At  the same time, 

the specific mechanisms by which atrial fibrosis con-

tributes to the  development of  AF in  euthyroid sick 

syndrome (ESS) remain insufficiently investigated [5]. 

Given the  limited number of  studies on  the  patho-

genesis of  AF in  ESS, we considered it  appropriate 

to explore this issue in an experimental setting using 

outbred rats [6, 7].

Aim —  to study the morphological substrate of AF 

onset in  ESS in  an  experimental study on  outbred 

rats.

Materials and methods
The  study was performed on  146 outbred rats 

(50 males and 96 females) weighing 180–200 g, kept 

on a standard diet. The experiment consisted of four 

stages.

Stage 1 —  an electrocardiogram (ECG) was record-

ed in  standard lead II using a  PolySpectrum device 

for  10 minutes. The  duration of  ECG intervals and 

complexes was then assessed. Cardiac rhythm dis-

turbances were evaluated by  the  average number 

of extrasystoles and AF paroxysms on the ECG.

Blood samples were collected from the saphenous 

vein into tubes containing heparin (25 IU/mL) or 3.8 % 

sodium citrate solution. Subsequently, the  levels 

of thyroidstimulating hormone (TSH), free triiodothy-

ronine (fT3), free thyroxine (fT4), and reverse triiodo-

thyronine (rT3) were measured by enzymelinked im-

munosorbent assay. The fT3/rT3 ratio was calculated. 

Normally, the optimal fT3/rT3 ratio ranges from 10 to 

the development of AF in euthyroid sick syndrome (ESS) 

remain insufficiently studied, which prompted this inves-

tigation.

Objective —  to study the morphological substrate of AF on-

set in ESS in an experimental setting using outbred rats.

Materials and methods. The experiment was performed 

on 146 outbred rats. Hypothyroidism was induced by thi-

amazole administration, followed by restoration of euthy-

roidism with levothyroxine sodium under thyroid hormone 

level monitoring. Based on  the  assessment of  thyroid 

hormone levels, the following types of hypothalamic-pitu-

itary-thyroid axis response were identified: euthyroidism, 

thyrotoxicosis, and ESS. In animals with euthyroidism and 

ESS, the percentage of atrial fibrosis was evaluated.

Results.  Regression analysis revealed that in  euthyroid 

animals, the percentage of fibrosis in the zone of the in-

ferior pulmonary veins had the  greatest influence 

on the frequency of AF paroxysms (β = 0.734, p = 0.015). 

Multiple regression results demonstrated that the maxi-

mum influence on AF paroxysm frequency in ESS-1 was 

exerted by  the percentage of  fibrosis in  the  inferior and 

superior pulmonary veins (ISPV) (p = 0.002); in  ESS-2, 

by fibrosis in the ISPV (p = 0.021) and the right atrium (p = 

0.015); and in  ESS-3, by  fibrosis in  the  ISPV (p = 0.023) 

and the right atrium (p = 0.040). Fibrosis was established 

as a morphological substrate of AF in ESS. It was found 

that the  atrial fibrosis area in  euthyroidism was 18.8 %, 

whereas in ESS types 1, 2, and 3 it was 36.6 %, 35.8 %, and 

38.3 %, respectively.

Conclusion. This study demonstrated that varying atrial 

fibrosis areas in the setting of ESS constitute a morpho-

logical substrate for the formation of re-entrant excitation 

circuits in AF. The  fibrosis area in ESS was found to be 

twice as large as that in euthyroidism.
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15, and a decrease below 10 indicates the presence 

of ESS. Based on thyroid hormone levels, three types 

of ESS were distinguished: low fT3 —  ESS type 1; low 

fT3 and low fT4 —  ESS type 2; high fT4 —  ESS type 3.

Stage 2 —  to induce hypothyroidism, thiama-

zole was administered at  a  dose of  2.5 mg/100 g 

body weight for  3 weeks. Thyroid hormone lev-

els were then reassessed. Baseline values were: 

TSH —  1.8±0.08 mIU/L, fT3 —  4.5±0.09 pmol/L, fT4 —  

17.7±0.36 pmol/L; after achieving hypothyroidism, 

the  corresponding values were 9.4±0.2 (p<0.001), 

0.05±0.001 (p<0.001), and 0.0271±0.0006 (p<0.001). 

The baseline number of AF paroxysms per 10 minutes 

was 3.5±0.285 episodes, with arrhythmia duration 

of 13.3±0.391 seconds; in ESS1 —  5.6±0.320 episodes 

and 17.2±0.592 seconds; in  ESS2 —  6.7±0.252 epi-

sodes and 19.2±0.691 seconds; in  ESS3 —  7.8±0.257 

episodes and 26.3±0.230 seconds.

Stage 3 —  to restore euthyroidism, levothyroxine so-

dium (Euthyrox) was given at a dose of 1.5 μg/kg for 3 

weeks, followed by reassessment of thyroid hormone 

levels. Based on  the  hormone levels measured, six 

types of  hypothalamicpituitarythyroid axis response 

to Euthyrox at 1.5 μg/kg were identified (Table 1).

Table 1. Types of hypothalamicpituitarythyroid axis 
response to Euthyrox

Response 
type

n, 
(%)

TSH 
(mIU/L)

fT4 
(pmol/L)

fT3 
(pmol/L)

fT3/
rT3

1st —  
ET

42 
(28.8 %)

1.88 
[0.24; 3.39]

17.3 
[10.9: 25.7]

4.47 
[2.64; 6.36]

> 10

2nd —  
TT

15 
(10.3 %)

0.023 
[0.003; 0.035]

56.7 
[32.9; 75.8]

12.4 
[7.38; 18.42]

> 10

3rd –
 ST

22 
(15.1 %)

0.022 
[0.0024; 0.0416]

18.9 
[10.7; 25.7]

4.4 
[2.48; 6.24]

> 10

4th —  ESS1
20

(13.7 %)
2.16

[0.31; 4.1]
18.8

[10.82; 25.33]
2.3

[1.81; 2.88]
< 10

5th —  ESS2
24

(16.4 %)
1.76

[0.43; 3.2]
9.1

[8.5; 9.79]
2.44

[2.03; 2.87]
< 10

6th —  ESS3
23

(15.8 %)
1.78

[0.42; 3.45]
23.62

[22.91; 24.47]
4.7

[3.11; 6.56]
< 10

Note. n (%) —  number and percentage of animals studied;  
1st type (ET) —  first euthyroid type of hypothalamicpituitarythyroid 
axis response to Euthyrox; 2nd type (TT) —  second (thyrotoxic) 
type of response; 3rd type (ST) —  third (subclinical thyrotoxic) type 
of response; 4th, 5th, and 6th types (ESS1, ESS2, ESS3) —  euthyroid 
sick syndrome types 1, 2, and 3, respectively. Values are presented 
as median [interquartile range].

Stage 4  of  the  experimental study included rats 

with euthyroidism and ESS types 1, 2, and 3. The an-

imals were anesthetized with a mixture of clisazine, 

zolazepam, and tiletamine, and then decapitated. 

The  heart was excised, washed free of  blood, and 

freed from connective tissue. The  objects of  study 

were thin myocardial strips excised from the orifices 

of the superior pulmonary veins (SPV), from the area 

between the orifices of the inferior and superior pul-

monary veins (ISPV), from the area between the orific-

es of the inferior pulmonary veins (IPV), from the wall 

of  the  right atrium (RA), and from the  Bachmann›s 

bundle (BB). The  paraffin sections obtained were 

stained with hematoxylin and by Van Gieson›s meth-

od with counterstaining of  nuclei with hematoxylin. 

Under a microscope, in 10 fields of view at ×200 mag-

nification, the type and area of fibrosis were assessed 

as a percentage.

Table 2 shows the number and percentage of spec-

imens examined in  euthyroidism, ESS1, ESS2, and 

ESS3.

Table 2. Number and percentage of specimens examined 

in euthyroidism and ESS

Parameter
ET, 

n (%)
ESS1, 
n (%)

ESS2, 
n (%)

ESS3, 
n (%)

Total, 
n (%)

SPV, n (%) 15 (35.7) 9 (45.0) 12 (50.0) 12 (52.2) 48 (45.7)

ISPV, n (%) 12 (28.6) 11 (55.0) 11 (45.8) 11 (47.8) 45 (44.3)

IPV, n (%) 13 (31.0) 10 (50.0) 9 (37.5) 9 (39.1) 41 (39.4)

RA, n (%) 11 (26.2) 9 (45.0) 13 (54.2) 8 (34.8) 41 (40.0)

BB, n (%) 12(28.6) 10 (50.0) 8 (33.3) 12 (52.2) 42 (41.0)

Total, n (%) 105 (30.0) 69 (49.0) 77 (44.2) 75 (45.2) 326 (42.1)

Note. n (%) ET —  number and percentage of specimens examined 
in euthyroidism (ET); n (%) ESS1,2,3 —  number and percentage 
of specimens examined in euthyroid sick syndrome types 1, 2, and 
3; n (%) —  number and percentage of specimens examined from 
the orifices of the SPV, from the ISPV area, from the IPV area, 
from the RA, and from the BB.

Microscopy analysis revealed that in outbred rats, 

the atria exhibited perivascular fibrosis, perimuscu-

lar fibrosis, smallfocal fibrosis, and meshlike (encir-

cling) fibrosis.

Statistical analysis
Statistical processing of  the  obtained results was 

performed using Statistica 13.3 software. For  each 

sample, the  arithmetic mean (M) and standard de-

viation (m) were calculated. The  distribution type 

was assessed using the  Kolmogorov–Smirnov test. 

To calculate statistical significance in  two related 

groups, Student’s ttest was used, while in two unre-

lated groups, the Mann–Whitney U test was applied. 

Multivariate analysis was used to identify independent 

predictors of atrial fibrillation recurrence. To evalu-

ate the  influence of  parameters, ROC analysis with 

the  area under the  curve was employed. Threshold 

values for  quantitative predictors were established 
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based on  ROC analysis at  the  optimal sensitivity/

specificity ratio. Differences were considered signif-

icant at p < 0.05.

Ethical review
The  experimental study was conducted in  accor-

dance with the fundamental rules set forth in the ba-

sic documents governing experiments on  labora-

tory animals and their housing conditions (Helsinki 

Declaration, 2000; GOST 330442014; Rules of  Good 

Laboratory Practice of the Eurasian Economic Union 

in  the  Field of  Drug Circulation). The  experimental 

study was approved by  the  Local Ethics Committee 

at  LLC CDKI (minutes of  meeting No. 823 dated 

11 September 2023).

Results
Depending on the type of ESS, the results of the as-

sessment of the percentage of atrial fibrosis are pre-

sented in three parts.

1. Results of atrial fibrosis assessment in ESS 

type 1. 

Table 3 presents a  comparative evaluation of  the 

per centage of  fibrosis in  the  studied atrial zones 

in euthyroid (ET) and ESS1 rats.

Table 3. Percentage of atrial fibrosis in euthyroidism (ET) 

and ESS1 (M±m)

Parameter ET, (n=42)
ESS1, 
(n=20)

p

Fibrosis in LA between 
superior PVs, %

4.4±0.147 5.1±0.252 =0.006

Fibrosis in LA between 
superior and inferior PVs, %

3.8±0.156 12.4±0.692 <0.001

Fibrosis in LA between 
inferior PVs, %

3.4±0.161 4.0±0.232 =0.193

Fibrosis in RA, % 3.9±0.159 11.4±0.622 <0.001

Fibrosis in BB, % 3.8±0.112 4.8±0.188 <0.001

Total atrial fibrosis, % 18.8±0.503 36.6±1.429 <0.001

Number of extrasystoles 
per 10 min

10.5±0.489 15.7±1.281 <0.001

Number of AF paroxysms 
per 10 min

3.2±0.212 5.8±0.416 <0.001

AF duration, s 5.6±0.463 7.7±0.771 =0.016

Note. Data are presented as arithmetic mean ± standard error 
of the mean (M±m). ESS1 —  euthyroid sick syndrome with low fT3 
levels.

Analysis revealed that in ET animals, the percent-

age of fibrosis in the ISPV zone was 14.6 % lower than 

in the SPV zone (3.8±0.156 and 4.4±0.147, respective-

ly, p=0.004). In the IPV zone, it was 18.2 % lower than 

in  the  ISPV zone (3.4±0.161 and 3.8±0.156, respec-

tively, p<0.001). In  the RA, it was 10.7 % higher than 

in the IPV zone (3.9±0.159 and 3.4±0.161, respectively, 

p=0.033). No significant differences were found be-

tween the RA and BB (p>0.05).

Analysis of the percentage of atrial fibrosis in ESS1 

rats showed a  significant influence of  the  thyroid 

component. It was found that fibrosis in the ISPV zone 

was 58.7 % greater than in  the  SPV zone (5.1±0.252 

and 12.4±0.692, respectively, p<0.001). In the IPV area, 

it was 67.5 % lower than in the ISPV zone (12.4±0.692 

and 4.0±0.232, respectively, p<0.001). In the RA, it ex-

ceeded that in the IPV zone by 64.7 % (4.0±0.232 and 

11.4±0.622, respectively, p<0.001). In  the  BB, it  was 

58.2 % less than in the RA (11.4±0.622 and 4.8±0.188, 

respectively, p<0.001).

When comparing the  percentage of  fibrosis 

in the studied zones between ET and ESS1 rats, sig-

nificant differences were also found. It was revealed 

that in  ESS1, the  percentage of  fibrosis in  the  SPV 

zone was greater by  14.3 % (p=0.006), in  the  ISPV 

zone by  69.7 % (p<0.001), in  the  IPV zone by  10.9 % 

(p=0.193), in the RA by 65.6 % (p<0.001), and in the BB 

by 17.1 % (p<0.001). As can be seen from the data ob-

tained, the most diagnostically significant finding was 

an almost threefold increase in the percentage of fi-

brosis in the ISPV zone and the RA.

To evaluate the  multiple regression of  the  num-

ber of AF paroxysms with the percentage of fibrosis 

in the studied atrial zones in ET rats, an analysis was 

performed, as presented in Table 4.

Table 4. Results of multiple regression of the number 

of AF paroxysms with the percentage of fibrosis 

in the studied atrial zones in ET rats

Parameter Number of AF paroxysms

Multiple correlation coefficient (R) 0.910

Coefficient of determination (R²) 0.804

Fisher’s Ftest value 32.9 p<0.001

Fibrosis localization / Statistical 
indices

β t p

SPV, % -0.124 -0.502 0.619

ISPV, % -0.128 -0.356 0.724

IPV, % 0.734 2.6 0.015

RA, % 0.659 1.9 0.066

BB, % -0.231 -0.659 0.514

Note. β —  regression coefficient estimate for the variable;  
t —  Student's ttest.

The  multiple correlation coefficient (R) of  0.910 

indicates a  strong relationship between the  num-
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ber of AF paroxysms and the percentage of  fibrosis 

in the studied atrial zones in ET rats. The leading sta-

tistical indicator is  the  coefficient of  determination 

(R²), equal to 0.804 ≈ 80.4 %, which shows the  pro-

portion of variation in AF paroxysm frequency caused 

by  the  independent predictors —  the  atrial fibrosis 

zones. Fisher’s Ftest (F) and the  significance level 

are used to evaluate the regression. An Fvalue of 32.9 

and a significance level (p) of less than 0.001 indicate 

the adequacy of the regression model.

For comparative assessment of the impact of each 

component of  the fibrosis percentage in the studied 

atrial zones, standardized β coefficients (regression 

coefficients) were used, by  the  magnitude of  which 

the  influence of  each fibrosis zone on  the  increase 

in AF paroxysm frequency was evaluated. According 

to the multiple regression results, the greatest influ-

ence on the frequency of AF paroxysms in euthyroid-

ism is exerted by the percentage of fibrosis in the IPV 

zone (β = 0.734, p = 0.015).

As noted above, in  ET rats, the  fibrosis zone 

in  the  ISPV accounts for  3.8 %, in  the  IPV —  3.4 %, 

and in the RA and BB —  3.9 % and 3.8 %, respectively. 

These data suggest that the reduction in the percent-

age of fibrosis in the IPV zone compared with the ISPV, 

RA, and BB creates an anatomical substrate for dis-

persion of refractory periods and reentrant excitation. 

The  regression coefficient assessment showed 

that the  percentage of  fibrosis in  the  IPV zone has 

the greatest influence on AF paroxysm frequency (β = 

0.734, p = 0.015). Similar results have been obtained 

in electrophysiological studies  [8]. It was noted that 

the effective refractory period of the atria in the IPV 

zone is significantly shorter (p<0.05) than in the ISPV 

zone, RA, and BB.

To determine the threshold values of atrial fibrosis 

in  the SPV, ISPV, IPV, RA, and BB, ROC analysis was 

performed. Figure 1 presents the results of ROC anal-

ysis of the number of AF paroxysms with the percent-

age of fibrosis in the studied atrial zones in ET rats.

In  euthyroidism, the  threshold percentage of  fi-

brosis area in  the  studied atrial zones can predict 

the  onset or increased frequency of  AF paroxysms. 

The studies established that the cutoff value of atrial 

fibrosis in the SPV zone was 4.42 %, with a sensitiv-

ity of  87.5 % and specificity of  75.0 % (AUC = 0.935, 

95 % confidence interval (CI) 0.865–1.0, p < 0.05). 

The threshold value of atrial fibrosis in the ISPV zone 

was >4.07 % with a  sensitivity of  75.0 % and speci-

ficity of  91.7 % (AUC = 0.940, 95 % CI 0.874–1.0, p < 

0.05). The cutoff value of atrial fibrosis in the IPV zone 

was > 4.05 % with a  sensitivity of  62.5 % and speci-

ficity of  95.7 % (AUC = 0.938, 95 % CI 0.868–1.0, p < 

0.05). The threshold value of atrial fibrosis in the RA 

was >4.08 % with a sensitivity of 81.3 % and specificity 

of 87.5 % (AUC = 0.945, 95 % CI 0.882–1.0, p < 0.05). 

The cutoff value of fibrosis in the BB was >3.6 % with 

a sensitivity of 93.8 % and specificity of 75.0 % (AUC = 

0.940, 95 % CI 0.874–1.0, p < 0.05).

Table 5. Results of multiple regression of the number 

of AF paroxysms with the percentage of fibrosis 

in the studied atrial zones in ESS1 rats

Parameter Number of AF paroxysms

Multiple correlation 
coefficient (R)

0,989

Coefficient of determination 
(R2)

0,971

Fisher’s Ftest value (F) 115,4 p <0,001

Fibrosis localization / 
Statistical indices

β t p

SPV, % 0,170 0,917 0,377

ISPV, % 1,205 4,1 0,002

IPV, % -0,181 -1,480 0,165

RA, % -0,435 -1,483 0,164

BB, % 0,212 1,175 0,263

Note. β —  regression coefficient estimate for the variable; 
t —  Student›s ttest.

Analysis of the obtained data showed that the cor-

relation coefficient R = 0.989 indicates a relationship 

Fig. 1. ROC curves reflecting the threshold nature of the fibrosis 
percentage in the studied atrial zones in ET rats
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between AF frequency and the percentage of fibrosis 

in the assessed atrial regions. The coefficient of de-

termination (R²) = 0.971 ≈ 97.1 % determines the pro-

portion of variation in AF frequency caused by atrial 

fibrosis zones. The F test value of 115.4 and a signif-

icance level of  p < 0.001 demonstrate the  adequacy 

of  the  regression model. The  multiple regression 

results revealed that the maximum influence on AF 

paroxysm frequency in  ESS1 is  exerted by  the  per-

centage of fibrosis in the ISPV (β = 1.205, p = 0.002).

Figure 2 presents the  results of  ROC analysis 

of the number of AF paroxysms with the percentage 

of fibrosis in the studied atrial zones in ESS1 rats.

The results of the conducted studies suggest that 

in ESS1, the threshold value of atrial fibrosis can pre-

dict AF paroxysms. It was found that the cutoff val-

ue of atrial fibrosis in  the SPV zone was 5.1 %, with 

a sensitivity of 87.5 % and specificity of 90.0 % (AUC = 

0.875, 95 % CI 0.699–1.0, p < 0.05). In the ISPV zone, 

it  was 12.5 %, with a  sensitivity of  75.0 % and spec-

ificity of 90.0 % (AUC = 0.900, 95 % CI 0.750–1.0, p < 

0.05). In the IPV area, it was 4.2 %, with a sensitivity 

of 77.0 % and specificity of 90.5 % (AUC = 0.902, 95 % 

CI 0.755–1.0, p < 0.05). In the RA, it was 11.5 %, with 

a sensitivity of 87.5 % and specificity of 90.2 % (AUC = 

0.913, 95 % CI 0.773–1.0, p < 0.05). In the BB, it was 

4.75 %, with a  sensitivity of  87.2 % and specificity 

of 80.0 % (AUC = 0.881, 95 % CI 0.711–1.0, p < 0.05).

2. Results of  atrial fibrosis assessment in  ESS 

type 2.  A  comparative evaluation of  the  percentage 

of fibrosis in the studied atrial zones in ET and ESS2 

rats is presented in Table 6.

Similar data  were obtained when analyzing 

the studied atrial zones in ESS2 rats. In the ISPV zone, 

the  percentage of  fibrosis was 68.8 % higher than 

in  the  SPV zone (11.7±0.649 and 3.6±0.335, respec-

tively, p<0.001). In  the  IPV zone, it was 69.9 % lower 

than in  the  ISPV zone (3.5±0.152 and 11.7±0.649, 

respectively, p<0.001). In  the  RA, it  exceeded that 

in the IPV zone by 71.7 % (3.5±0.152 and 12.4±0.599, 

respectively, p<0.001). In  the  BB, it  was 64.2 % less 

than in the RA (12.4±0.599 and 4.5±0.302, respective-

ly, p<0.001).

The results of multiple regression of AF paroxysms 

with the  percentage of  fibrosis in  the  studied atrial 

zones in ESS2 rats are presented in table 7.

Table 7. Results of multiple regression of the number 

of AF paroxysms with the percentage of fibrosis 

in the studied atrial zones in ESS2 rats

Parameter Number of AF paroxysms

Multiple correlation coefficient 
(R)

0,982

Coefficient of determination (R2) 0,963

Fisher’s Ftest value 82,9 p<0,001

Fibrosis localization / Statistical 
indices

ß t p

SPV, % 0,329 1,786 0,093

ISPV, % 0,451 2,6 0,021

IPV, % -0,041 -0,353 0,729

RA, % 0,532 2,7 0,015

BB, % -0,278 -1,440 0,169

Note. β —  regression coefficient estimate for the variable; t —  
Student›s ttest.

Fig. 2. ROC curves reflecting the threshold nature of the fibrosis 
percentage in the studied atrial zones in ESS1 rats

Table 6. Percentage of atrial fibrosis in euthyroidism (ET) 

and ESS2 (M±m)

Parameter
ET,

(n=42)
ESS2 

(n=24)
p

Fibrosis in LA between superior 
PVs, %

4.4±0.147 3.6±0.335 =0.179

Fibrosis in LA between superior 
and inferior PVs, %

3.8±0.156 11.7±0.649 <0.001

Fibrosis in LA between inferior 
PVs, %

3.4±0.161 3.5±0.152 0.506

Fibrosis in RA, % 3.9±0.159 12.4±0.599 <0.001

Fibrosis in BB, % 3.8±0.112 4.5±0.302 0.0001

Total atrial fibrosis, % 18.8±0.503 35.8±1.526 <0.001

Number of extrasystoles per 
10 min

10.5±0.489 21.3±1.170 <0.001

Number of AF paroxysms per 
10 min

3.2±0.212 7.6±0.520 <0.001

AF duration, s 5.6±0.463 10.6±0.477 <0.001

Note. Data are presented as arithmetic mean ± standard error 
of the mean (M±m). ESS2 —  euthyroid sick syndrome with low fT3 
and low fT4 levels.
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A  correlation coefficient R of  0.982  indicates 

a  strong relationship between AF paroxysms and 

the percentage of atrial fibrosis. The coefficient of de-

termination R² = 0.963 ≈ 96.3 % determines the pro-

portion of variation in AF paroxysms caused by atrial 

fibrosis zones. Fisher’s F test value of 82.9 and a sig-

nificance level of p < 0.001 demonstrate the adequacy 

of the regression model. The multiple regression data 

established that the predominant influence on AF fre-

quency in ESS2 is exerted by the percentage of fibro-

sis in the ISPV (ß = 0.451, p = 0.021) and in the RA (β = 

0.532, p = 0.015).

The results of ROC analysis of the number of AF par-

oxysms with the percentage of fibrosis in the studied 

atrial zones in ESS2 rats are presented in Figure. 3.

As can be seen from the  data presented, in  ESS2, 

the threshold value of atrial fibrosis in the SPV, ISPV, 

IPV, RA, and BB zones allows predicting the frequency 

of AF. In the SPV zone, it is >3.62 %, with a sensitivity 

of 88.9 % and specificity of 92.3 % (AUC = 0.906, 95 % 

CI 0.770–1.0, p < 0.05). In the ISPV zone, it is >12.1 %, 

with a  sensitivity of  88.6 % and specificity of  92.0 % 

(AUC = 0.904, 95 % CI 0.772–1.0, p < 0.05). In the ISPV 

zone, it  is  >12.1 %, with a  sensitivity of  88.6 % and 

specificity of 92.0 % (AUC = 0.904, 95 % CI 0.772–1.0, 

p < 0.05). In  the  IPV zone, it  is >3.8 %, with a sensi-

tivity of 66.7 % and specificity of 90.4 % (AUC = 0.893, 

95 % CI 0.751–1.0, p < 0.05). In the RA, it  is >12.8 %, 

with a  sensitivity of  69.5 % and specificity of  91.7 % 

(AUC = 0.897, 95 % CI 0.761–1.0, p < 0.05). In the BB, 

it is >4.6 %, with a sensitivity of 77.8 % and specificity 

of 93.2 % (AUC = 0.897, 95 % CI 0.764–1.0, p < 0.05).

3. Results of  atrial fibrosis assessment in  ESS 

type 3.  A  comparative evaluation of  the  percentage 

of fibrosis in the studied atrial zones in ET and ESS3 

rats is presented in table 8.

Table 8. Percentage of atrial fibrosis in euthyroidism (ET) 

and ESS3, (M±m)

Parameter
EТ.

(n=42)
ESS3. 
(n=23)

p

Fibrosis in LA between 
superior PVs. %

4.4±0.147 4.2±0.216 =0.410

Fibrosis in LA between 
superior and inferior PVs. %

3.8±0.156 5.6±0.300 <0.001

Fibrosis in LA between inferior 
PVs. %

3.4±0.161 11.6±0.642 <0.001

Fibrosis in RA. % 3.9±0.159 5.9±0.425 <0.001

Fibrosis in BB. % 3.8±0.112 10.6±0.726 <0.001

Total atrial fibrosis. % 18.8±0.503 38.3±1.59 <0.001

Number of extrasystoles per 
10 min

10.5±0.489 17.0±1.114 <0.001

Number of AF paroxysms per 
10 min

3.2±0.212 4.2±0.286 =0.006

AF duration. s 5.6±0.463 5.7±0.377 =0.896

Note. Data are presented as arithmetic mean ± standard error 
of the mean (M±m). ESS3 —  euthyroid sick syndrome with high fT4 
levels.

In  the  ISPV zone, the  percentage of  fibrosis was 

23.6 % higher than in  the  SPV zone (5.6±0.300 and 

4.2±0.216, respectively, p<0.001). In  the  IPV zone, 

it was 52.2 % higher than in the ISPV zone (11.6±0.642 

and 5.6±0.300, respectively, p<0.001). In  the  RA, 

it  was 7.7 % lower than in  the  IPV zone (5.9±0.425 

and 11.6±0.642, respectively, p<0.001). In  the  BB, 

it was 59.9 % higher than in  the RA (10.6±0.726 and 

5.9±0.425, respectively, p<0.001).

Differences between the groups of rats with ET and 

ESS3 were statistically significant (p<0.05). In the ISPV 

zone, the  percentage of  fibrosis was 32.4 % higher 

(p<0.001), in  the  IPV zone —  69.1 % higher (p<0.001), 

in the RA —  33.9 % higher (p<0.001), and in the BB —  

62.8 % higher (p<0.001).

The results of multiple regression of AF paroxysms 

with the  percentage of  fibrosis in  the  studied atrial 

zones in ESS3 rats are presented in table 9.

The  results of  regression analysis  indicate 

that the  correlation coefficient R = 0.982 points to 

a  relationship between AF frequency and the  zones 

and percentage of  atrial fibrosis. The  coefficient 

of  determination R² = 0.976 ≈ 97.6 % determines 

Fig. 3. ROC curves reflecting the threshold nature of the fibrosis 
percentage in the studied atrial zones in ESS2 rats
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the proportion of variation in AF frequency attributable 

to the  percentage of  atrial fibrosis. The  adequacy 

of the regression model is indicated by Fisher›s Ftest 

value of  126.3 and a  significance level of  p < 0.001. 

According to the multiple regression data, it was re-

vealed that the predominant influence on AF frequen-

cy in  ESS3 is  exerted by  the  percentage of  fibrosis 

in the ISPV (β = 2.5, p = 0.023) and in the RA (β = 2.2, 

p = 0.040).

The  results of  ROC analysis of  the  number of  AF 

paroxysms with the percentage of fibrosis in the stud-

ied atrial zones in ESS3 rats are shown in Figure 4.

In  the  SPV zone, the  threshold level of  fibro-

sis is  >4.2 %, with a  sensitivity of  85.7 % and speci-

ficity of  78.6 % (AUC = 0.903, 95 % CI 0.763–1.0, p < 

0.05). In the ISPV zone, it is >6.1 %, with a sensitivity 

of 71.4 % and specificity of 92.9 % (AUC = 0.908, 95 % 

CI 0.768–1.0, p < 0.05). In the IPV zone, it is >11.9 %, 

with a  sensitivity of  85.7 % and specificity of  92.6 % 

(AUC = 0.908, 95 % CI 0.772–1.0, p < 0.05). In the RA, 

it is >6.4 %, with a sensitivity of 85.7 % and specificity 

of 92.1 % (AUC = 0.913, 95 % CI 0.783–1.0, p < 0.05). 

In the BB, it is >11.1 %, with a sensitivity of 85.7 % and 

specificity of 86.0 % (AUC = 0.908, 95 % CI 0.770–1.0, 

p < 0.05).

Discussion
AF is the most common cardiac arrhythmia, associat-

ed with increased cardiovascular morbidity and mor-

tality. Its pathophysiology is based on electrical and 

structural remodeling occurring in the atrial myocar-

dium [9, 10].

The thyroid gland and the heart share a common 

embryonic origin, with the heart being an important 

target organ for  thyroid hormones. Various animal 

models and cellular studies have shown that thy-

roid hormones are involved in the formation of fibro-

sis in  AF. In  this article, we focused on  the  results 

of an experimental study in rats linking atrial fibrosis 

to AF in ESS [11].

It  was noted that in  both ET and ESS animals, 

the percentage of fibrosis in the ISPV zone was low-

er than in  the  SPV zone (p<0.05). In  the  IPV zone, 

the percentage of fibrosis was lower than in the ISPV 

zone (p<0.05). In  the  RA, the  percentage of  fibrosis 

was higher than in the IPV zone (p<0.05). These data 

suggest that the reduction in the percentage of fibro-

sis in the IPV zone, compared with the ISPV and RA, 

creates an anatomical substrate for dispersion of re-

fractory periods and reentrant excitation in AF [12].

Regression analysis revealed that in euthyroid an-

imals, the percentage of fibrosis in the IPV zone had 

the greatest influence on the frequency of AF parox-

ysms (β = 0.734, p = 0.015). Similar results have been 

obtained in  electrophysiological studies  [13]. It  was 

noted that the effective refractory period of the atria 

in  the  IPV zone is significantly shorter (p<0.05) than 

in the ISPV zone and the RA.

Multiple regression results showed that the max-

imum influence on  AF paroxysm frequency in  ESS1 

was exerted by the percentage of fibrosis in the ISPV 

Table 9. Results of multiple regression of the number 

of AF paroxysms with the percentage of fibrosis 

in the studied atrial zones in ESS3 rats

Parameter Number of AF paroxysms

Multiple correlation 
coefficient (R)

0.988

Coefficient of determination 
(R2)

0.976

Fisher’s F test value (F) 126.3 p<0.001

Fibrosis localization / 
Statistical indices

β t p

SPV. % -0.350 -1.262 0.226

ISPV. % 0.607 2.5 0.023

IPV. % 0.155 0.481 0.637

RA. % 0.670 2.2 0.040

BB. % -0.092 -0.326 0.749

Note. β —  regression coefficient estimate for the variable;  
t —  Student›s ttest.

Fig. 4. ROC curves reflecting the threshold nature of the fibrosis 
percentage in the studied atrial zones in ESS3 rats
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(p = 0.002); in ESS2, by fibrosis in the ISPV (p = 0.021) 

and the  RA (p = 0.015); and in  ESS3, by  fibrosis 

in the ISPV (p = 0.023) and the RA (p = 0.040).

Thus, the obtained data indicate that the develop-

ment of atrial fibrosis is largely responsible for the oc-

currence of AF in ESS. Experimental studies in rats 

have shown that different areas of atrial fibrosis con-

stitute the morphological substrate for the formation 

of reentrant excitation circuits in AF against the back-

ground of ESS. The data also showed that the fibrosis 

area in ESS is twice as large as in euthyroidism.

Conclusion
Based on the experimental study, it has been shown 

that in  ESS, fibrosis is  a  morphological substrate 

for  the  development of  AF. The  analyses performed 

revealed a  difference in  the  percentage of  atrial fi-

brosis between euthyroidism and ESS. In euthyroid-

ism, the total percentage of atrial fibrosis was 18.8 %, 

whereas in ESS type 1 it was 36.6 %, in type 2 —  35.8 %, 

and in type 3 —  38.3 %.

Further development of both experimental models 

and clinical studies is required to explore the possi-

bilities of minimally invasive diagnosis of atrial myo-

cardial fibrosis for  the  early detection of  the  sub-

strate for AF development and reduction of  the risk 

of cardiovascular complications.
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