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Аннотация
Цель – определить дополнительные риски развития артериальных тром-
ботических и тромбоэмболических осложнений при брадисистолической 
фибрилляции предсердий (ФП) и обосновать результаты с помощью мо-
делирования внутриартериальной гемодинамики.
Материал и методы. Проведено одноцентровое проспективное ис-
следование с участием 252 пациентов: 146 человек – основная группа, 
106 человек – группа контроля. Основная группа была разделена на две 
подгруппы: 1А подгруппа – RR интервал ЭКГ<1,5 сек; 2Б подгруппа – 

RR≥1,5 сек. На данном этапе проводилось комплексное обследование 
больных. Второй этап – проспективный: анализ развития артериаль-
ных тромботических и тромбоэмболических осложнений в течение 
1 года. Экспериментальное моделирование проводилось с применением 
«Устройства для моделирования внутриартериального кровообращения».
Результаты. Тромботические и тромбоэмболические осложнения чаще 
встречались в 1Б подгруппе (ОШ=8,287 (2,287; 30,040); z=3,219; p=0,001). 
При анализе основных параметров гемодинамики магистральных арте-

Bradysystole in permanent atrial fibrillation:  
clinical importance and modeling  

in experiment
Olga A. Germanova1, Yurii V. Shchukin1, Giuseppe Galati1, 2, Roberto Enrico Franco Pedretti2, 3

1Samara State Medical University (Samara, Russian Federation)
2I.R.C.C.S. Ospedale Multimedica – Cardiovascular Scientific Institute (Milan, Italy)

3University of Milano Bicocca (Milan, Italy)
Abstract
Aim – to determine additional risks of developing arterial thrombotic and 
thromboembolic complications in bradysystolic AF and substantiate the results 
using modeling of intra-arterial hemodynamics.
Material and methods. A single-center prospective study involving 252 
patients: 146 in the main group, 106 in the control group. The main group 
was divided into 2 subgroups: 1A subgroup RR ECG interval <1.5 seconds; 
2B subgroup RR≥1.5 seconds. A comprehensive examination of the patients 
was carried out. The second stage is prospective comprising an analysis of 
the development of arterial thrombotic and thromboembolic complications 
over 1 year. Experimental modeling was carried out using the “Device for 
simulating intra-arterial circulation”.
Results. Thrombotic and thromboembolic complications were more common in 
subgroup 1B (OR=8.287 (2.287; 30.040); z=3.219; p=0.001). When analyzing 
the main parameters of the hemodynamics of the main arteries, the first pulse 
wave, coming after a long pause of 1.5 seconds or more in AF, was accompanied 
by a statistically significant increase in all of analyzed parameters. In the 

experiment, when simulating AF, the intensity of the mechanical impact of 
the free end of the thread on the wall of the rotameter was maximum when the 
pause between pulse waves was 1.5 seconds or more (9.70 ± 2.52 mm). At this 
moment, the piezocrystalline pressure sensor recorded the maximum increase 
in pressure inside the rotameter tube by an average of 56%.
Conclusions. Bradysystole in AF is associated with a significantly higher 
likelihood of developing long-term thromboembolic events. The first pulse 
wave, coming after a long pause between ventricular contractions during AF, 
leads to a significant increase in the main parameters of the hemodynamics 
of the main arteries (linear velocity of blood flow, volumetric blood flow). 
When monitoring heart rate in AF, it is necessary to avoid bradysystole with 
pauses between ventricular contractions of 1.5 seconds or more, due to a 
higher risk of stroke, myocardial infarction, and distal arterial embolism in 
other vascular regions.
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рий первая пульсовая волна, идущая после длительной паузы 1,5 секунды 
и более при ФП, сопровождалась статистически достоверным возрас-
танием всех анализируемых параметров. В эксперименте при имитации 
ФП интенсивность механического воздействия свободного конца нити 
на стенку ротаметра была максимальной в случае, когда пауза между 
пульсовыми волнами составляла 1,5 секунды и более (9,70±2,52 мм). В 
этот момент пьезокристаллический датчик давления фиксировал макси-
мальный прирост давления внутри трубки ротаметра в среднем на 56%.
Выводы. Брадисистолия при ФП ассоциирована с достоверно более 
высокой вероятностью развития отдаленных тромбоэмболических со-
бытий. Первая пульсовая волна, идущая после длительной паузы между 

сокращением желудочков при ФП, приводит к достоверному увеличению 

основных параметров гемодинамики магистральных артерий (линейной 

скорости кровотока, объемного кровотока). При контроле ЧСС при ФП 

необходимо избегать брадисистолии с появлением пауз между сокраще-

нием желудочков 1,5 секунды и более в связи с более высоким риском 

развития инсульта, инфаркта миокарда, дистальных артериальных эм-

болий в других сосудистых регионах.

Ключевые слова: фибрилляция предсердий, брадисистолия, внутриар-

териальная гемодинамика.
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 INTRODUCTION

Atrial fibrillation (AF) is one of the prevalent heart beat 
disorders in the population. According to the 2023 data 

of the American Heart Association, the rate of AF cases in 
Russia is 119–143 per 100,000 people [1]. With age, this 
rhythm disorder occurs more often, and the vast majority 
of patients are men. Racial differences in the frequency of 
occurrence indicate a predominant incidence among the white 
population. AF is associated with 1.6-2 times elevated risk 
of mortality, predominantly in women [2, 3]. AF is a proven 
risk factor for many vascular complications. With AF, the risk 
of stroke development increases by 2.4 times [3], cognitive 
disorders and dementia, by 1.5 times [4], sudden death, by 2 
times [5], myocardial infarction, by 1.5 times [6], and heart 
failure, by 5 times [3]. A number of studies have noted an 
increased likelihood of paroxysmal AF if the average heart rate 
decreases to less than 65 beats per minute at rest [7].

Validated scales are most widely used to assess the risk of 
stroke in AF: CHA2DS2-VASc [8], ATRIA [9], GARFIELD 
[10]. Among the factors taken into account when using these 
scales, the average ventricular rate in AF is not included. 
However, clinical recommendations make it a point that the 
absolute risk associated with the same calculated score on the 
CHA2DS2-VASc scale has a broad variation in the population; 
however, placing an individual in a high-risk category indicates a 
higher likelihood of developing a stroke [11]. The scales ATRIA 
and GARFIELD-AF that were proposed later, demonstrated 
better results in terms of statistical evaluation of the quality of 
their diagnostics, yet a detailed and large-scale assessment of 
their forecasting effectiveness has not yet been carried out [12].

Control of heart rate (HR) in AF is vital in long-term 
prognosis of this pathology. Thus, the HOT CAFE study 
(How to Treat Chronic Atrial Fibrillation) mentioned that the 
strategy of HR control was comparable with cardioversion or 

anti-arrhythmic therapy in endpoints of all-cause mortality, rate 
of thromboembolic events and major bleeding (OR=1.98 [95% 
CI=0.28-22.3]; P>0.71) [13]. A meta-analysis of randomized 
clinical trials showed that the HR control and treatment 
strategies were comparable in the values of total mortality 
and cardiovascular mortality, as well as stroke mortality [14]. 
The RACE II study identified that reaching the HR<110 or 
<80 beats per minute with AF did not affect the morbidity and 
mortality from cardiovascular diseases [15]. The results of 
ORBIT-AF study showed that the increase of HR with AF was 
associated with the growth of total mortality and development 
of heart failure [16, 17]. Conflicting data were obtained in the 
studies of HR control strategies in patients with chronic heart 
failure with preserved or reduced ejection fraction. [18, 19]. 
Numerous studies have shown that heart rate control in AF 
was associated with improvement in clinical symptoms and 
quality of life [20, 21].

In this case, heart rate control in AF is understood as 
a decrease in the average heart rate in the presence of 
tachysystole, but the lower limit of heart rate has not yet been 
designated. Moreover, none of the existing scales for predicting 
remote vascular complications in AF indicate bradysystole as 
an additional risk predictor.

 AIM
Determine additional risks of developing arterial thrombotic 

and thromboembolic complications in bradystolic AF and 
to substantiate the results using intra-arterial hemodynamic 
modeling.

 MATERIAL AND METHODS
A single-center prospective study was conducted involving 

252 patients, of which 146 people were included in the main 
group, and 106 people made up the control group.
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Inclusion criteria for the main group: age of 18 and above; 
constant form AF; signed informed consent to participate in 
the study.

Inclusion criteria for the control group: age of 18 and 
above; no AF, premature ventricular contraction (PVC) at 
least 700 per day.

Exclusion criteria: persistent arterial hypertension with 
arteriab blood pressure above 160 and 100 mmHg; hereditary 
hypercholesterolemia; chronic kidney disease with glomerular 
filtration rate (GFR) <60 ml/min; NYHA class III and more 
severe chronic heart failure; chronic foci of infection of 
any localization; intracardiac thrombus detected during 
examination; implanted artificial heart valve; moderate to 
severe chronic obstructive pulmonary disease; history of 
myocardial infarction (MI), acute cerebrovascular accident 
(ACVA) or transient ischemic attack (TIA) less than 1 year 
ago; hematological diseases, including those associated 
with hypercoagulability syndrome; diagnosed aneurysm of 
the aorta or left ventricular apex; valvular AF; obliterating 
atherosclerosis of the arteries of the lower extremities above 
stage I according to Fontaine-Pokrovsky; hemodynamically 
significant stenosis of the carotid bifurcation; cardiomyopathy. 
Thus, at the stage of patient selection for the study, the majority 
of the main causes of possible arterial thromboembolic 
complications were included in the exclusion criteria. 

The main group was divided into two subgroups 
depending on the maximum duration of the R-R interval 
on the ECG during AF: subgroup 1А, RR<1.5 s.; subgroup 
2B, RR≥1.5 s.

At the first stage of the study, a comprehensive 
examination of patients was carried out, which included 
standard laboratory (including determination of lipidogram) 
and instrumental research methods. The instrumental 
methods included transthoracic and transesophageal 
echocardiography (EchoCG), daily Holter ECG monitoring, 
stress echoCG with a drug test or physical exercise; 
ultrasound Doppler examination of the brachiocephalic 
arteries (BCA USDG), USDG of the arteries of the lower 
extremities, USDG of the renal arteries and abdominal 
aorta.

The second stage of the study was prospective. An 
analysis of the development of arterial thrombotic and 
thromboembolic complications (stroke, myocardial 
infarction or distal arterial embolism of other localizations) 
was conducted within 1 year from the start of observation. 
The fact of complications was clarified by questioning 
patients after 6 and 12 months from the first visit.

The experimental modeling of intra-arterial processes 
during AF was performed with the use of the original 
“Device for modeling intra-arterial circulation” (utility 
model patent RU202780U1 dated 03.05.2021) (Fig. 1).

The utility model comprises a transparent rotameter tube 
that narrow from the inlet to the outlet and that is mounted 
with fixtures on a horizontal surface. Elastic silicone 
tubes, intake and outgoing, are attached to the inlet and 
outlet of the rotameter to ensure intake and draw-off of 
the fluid. The fluid use is water-based glycerin solution in 
the concentration matching the viscosity of whole human 
blood. A closed loop is created. The fluid is brought into 
motion by means of electrical pump with a valve that 

models the regular heart beat and its disorders, the AF, with 
various maximum intervals between the pulse waves (<1.5 and 
≥1.5 s). From the inlet aperture of the rotameter, a nozzle is 
mounted that allows introduction of a piezoelectric pressure 
sensor inside the device (response speed of 1.3), and another 
indicator, a thread 2.5 cm long.

The analysis and generalization of the results obtained were 
carried out using the principles of evidence-based medicine. 
The patients included in the study signed an informed consent 
form. The protocol was approved by the local ethics committee. 
In the statistical analysis, first, normality of distribution of 

Figure 1. “Device for modeling intra-arterial circulation”.
Рисунок 1. «Устройство для моделирования 
внутриартериального кровообращения».

Parameter Category
Subgroup

Statistics1B
 n=72

Control 
n=106

Age, years, median (SD)1 63,6 (7,2) 63,9 (7,4) 61,7 (8,1) p = 0,102 
F = 2,302

Sex, n (%)2
M 38 (51,4) 38 (52,8) 54 (50,9) p = 0,970 

df = 2 
χ2 = 0,060F 36 (48,7) 34 (47,2) 52 (49,1)

Body mass index, median 
(Q1, Q3)3

28 
(23,3; 31)

28 
(25; 31,3)

27 
(23,3; 30)

p = 0,409 
H = 1,789

Arterial 
hypertension, 
n (%)2

No 4 (5,4) 6 (8,3) 7 (6,6) p = 0,973 
df = 4 
χ2 = 0,507

Grade 1 31 (41,9) 2 (40,3) 44 (41,5)

Grade 2 39 (52,7) 37 (51,4) 55 (51,9)

Type 2 diabetes mellitus, 
n (%)2 8 (10,8) 8 (11,1) 18 (17,0)

χ2 = 1,911 
df = 2 
p = 0,385

Chronic obstructive 
pulmonary disease, mild, 
n (%)2

15 (20,3) 14 (19,4) 17 (16,0)
p = 0,734 
df = 2 
χ2 = 0,619

Chronic heart failure: NYHA 
I, n (%)2 43 (58,1) 39 (54,2) 61 (57,6) p = 0,870 

df = 2 
χ2 = 0,279Chronic heart failure: NYHA 

II, n (%)2 31 (41,9) 33 (45,8) 45 (42,5)

Stable effort 
angina, n (%)2

No 12 (16,2) 10 (13,9) 18 (17,0) p = 0,904 
df = 4 
χ2 = 1,041

Func. cl. I 35 (47,3) 34 (47,2) 54 (50,9)

Func. Cl. II 27 (36,5) 28 (38,9) 34 (32,1)

Chronic 
kidney 
disease, n 
(%)2

No 56 (75,7) 57 (79,2) 82 (77,4) p = 0,976 
df = 4 
χ2 = 0,471

Grade 1 10 (13,5) 9 (12,5) 15 (14,2)

Grade 2 8 (10,8) 6 (8,3) 9 (8,5)

History of ACVA or TIA, n 
(%)2 5 (6,8) 4 (5,6) 7 (6,6)

p = 0,947 
df = 2 
χ2 = 0,108

History of MI, n (%)2 15 (20,3) 14 (19,4) 21 (19,8)
p = 0,992 
df = 2 
χ2 = 0,016

History of distal arterial 
emboli, n (%)2 1 (1,4) 0 (0) 1 (0,9)

p = 0,638 
df = 2 
χ2 = 0,899

Notes.1 1-factor ANOVA; 2 χ2-Pearson’s test; 3 Kruskall-Wallis test
Примечания.1 1-факторная ANOVA; 2 χ2-тест Пирсона; 3 Критерий  
Краскела – Уоллиса.

Table 1. Clinical characteristics of the patients included in research
Таблица 1. Клиническая характеристика пациентов,  
вошедших в исследование
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each parameter was evaluated. If normality of distribution 
was respected, methods of parametric statistics were used: 
quantitative variables were characterized by a mean value 
and standard deviation. Comparisons between subgroups 
were performed using one-way analysis of variance with F-test 
values, degrees of freedom (df) and statistical significance of 
the model (p) reported. In the absence of normal distribution, 
quantitative indicators were described as medians and 1st and 
3rd quartiles (Q1 and Q3). Comparisons between the identified 
subgroups were performed using the Kruskal–Wallis method, 
with the H statistic value and p value indicated. Categorical 

features between subgroups were determined by creating 
frequency contingency tables using the χ2 test (when the 
frequency in any of the table cells exceeded 5), using Fisher's 
exact test (in other cases). For any statistic tests, the criterion 
of statistical significance was p≤0.05.

 RESULTS
In their respective concomitant pathology and severity of 

its clinical manifestation, the patients from the 1A and 1B 
subgroups could be compared (Table 1).

However, the analysis of remote thrombotic and 
thromboembolic complications revealed statistically 
significant differences between the subgroups. Most often, the 
complications were to be seen in the 1B subgroup (Table 2).

In other words, if patients had AF with the maximum 
duration of the R-R interval of the ECG ≥1.5 seconds, the 
OR=8.287 (2.287; 30.040); z=3.219; p=0.001 with respect to 
development of long-term complications during one year as 
compared with the control group. Thus, the risk factor for 
long-term complications is not only the fact that the patient 
has a permanent form of AF: it also matters which particular 
variant of the maximum R-R interval duration on the ECG is 

diagnosed in the patient. The most 
adverse from the standpoint of long-
term complications is the AF with 
the maximum duration of the R-R 
interval of the ECG ≥1.5 seconds.

In our work, we believe that 
the explanation for the revealed 
fact of a higher incidence of 
long-term complications in the 
bradystolic variant of AF should 
be sought in the features of intra-
arterial hemodynamics in this 
arrhythmia. In the analysis of the 
main hemodynamic parameters 
of the main arteries, the first pulse 
wave, occurring after a long pause 
of 1.5 seconds or more during AF, 
was accompanied by a statistically 
significant increase in all analyzed 
parameters (Fig. 2).

We performed an experiment 
using the “Device for modeling 
intra-arterial circulation” designed 
by us. For this purpose, blood flow 
in the main artery was modeled 
with a regular heart rhythm, as well 
as with AF, which is characterized 
by different intervals between 
pulse waves below 1.5 and above 
1.5 seconds. The indicators we 

used in the experiment were a 2.5 
cm long thread and a piezocrystal 
pressure sensor that sent the data to 
an oscilloscope. When simulating the 
AF, the intensity of the mechanical 
impact of the free end of the thread 
on the wall of the rotameter was 
maximum when the pause between 

  Complication  
Subgroup

p1А 
n=74

1B 
n=72

Control  
n=106

MI during 1 year, n (%) 2 (2,7) 4 (5,6) 2 (1,9) 0,348

ACVA during 1 year, n (%) 2 (2,7) 8 (11,1) 1 (0,9) 0,005

Distal arterial emboli during  
1 year, n (%) 1 (1,4) 2 (2,8) 0 (0) 0,119

Any complication during 1 year, 
n (%) 5 (6,8) 14 (19,4) 3 (2,8) <0,001

Table 2. Complications during 1 year.
Таблица 2. Осложнения в течение 1 года.
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Figure 2. Graphic representation of hemodynamic parameters in subgroups 1A, 1B and the 
control group according to Doppler ultrasound (p<0.001). Data are presented in the form 
of medians (transverse line), means (cross), boundaries of the 1st and 3rd quartiles (box 
boundaries), minimums and maximums (whisker boundaries).
Рисунок 2. Графическое изображение параметров гемодинамики в подгруппах 1А, 1Б и 
группе контроля по данным УЗДГ. Данные приведены в виде медиан (поперечная линия), 
средних (крест), границы 1 и 3 квартилей (границы ящика), минимумы и максимумы 
(границы усов).



194  www.innoscience.ru

Н ау к а  и  и н н о ва ц и и  в  м ед и ц и н е  Кардиология C a r d i o l o g y

pulse waves was 1.5 seconds or more (9.70±2.52 mm). At 
this moment, the piezoelectric pressure sensor recorded the 
maximum increase in pressure inside the rotameter tube by 
an average of 56% (Fig 3).

 DISCUSSION
Currently, scientific research is mainly devoted to 

predicting the development of AF depending on the 
characteristics of the ECG pattern [22–24], and studying 
the development of arterial thromboembolic events using 
the generally accepted scales [25]. However, to date, the 
assessment of the risk of developing long-term complications 
with this rhythm disorder does not take into account the risk 
of developing the bradysystole, including that against the 
background of the treatment used; moreover, the existing 
recommendations do not describe the lower threshold of 
the average ventricular rate per se. In addition, intra-arterial 
hemodynamics in AF is currently not sufficiently studied, 
and its physical modeling is not performed. The question 
remains open, whether additional risks of developing 
arterial thromboembolic complications in AF are possible 
in case of the increased duration of the R-R interval on the 
ECG, if AF is accompanied by bradysystole, even if that 
occurs during treatment. In our previous publications, we 
demonstrated the importance of intra-arterial hemodynamics 
in the formation of long-term complications both in AF [26, 
27] and in other cardiac rhythm disorders, in particular in 
frequent extrasystoles [28, 29]. We believe that changes in 
intra-arterial hemodynamics during arrhythmias, namely 
an increase in parameters during a pulse wave following 
a long pause between ventricular contractions, may play a 
key role in the formation of long-term complications. Thus, 
in the presence of multifocal atherosclerosis, especially 

in the presence of unstable atheromas (with calcium 
inclusions, with an uneven surface, with hemorrhages, etc.), 
the influence of additional factors of mechanical action 
of an increased pulse pressure wave can become a trigger 
mechanism for the formation of complicated atherosclerotic 
plaques, leading to atherothrombosis or embolism along the 
arterial vessel. Moreover, even one pulse wave can be critical 
in the development of the said complications. Previously, 
we characterized the complex of hemodynamic changes in 
arrhythmias using the term “water hammer,” describing it as 
a universal mechanism that can develop in that part of the 
arterial vascular system where the discrete nature of blood 
flow is recorded [30].

We believe that the features of intra-arterial hemodynamics 
should be taken into account when treating each patient with 
AF. A decrease in the average ventricular rate may lead to 
additional risks of developing long-term vascular complications 
in this category of patients.

 CONCLUSIONS
1. Bradysystole in AF is associated with a significantly 

higher probability of developing remote thromboembolic 
events.

2. The first pulse wave, coming after a long pause between 
ventricular contractions during AF, leads to a reliable increase 
in the main hemodynamic parameters of the main arteries 
(linear blood flow velocity, volumetric blood flow).

3. When monitoring the heart rate in AF, it is necessary to 
avoid bradysystole with the appearance of pauses between 
ventricular contractions lasting 1.5 seconds or more due to the 
higher risk of development of stroke, myocardial infarction, 
and distal arterial embolism in other vascular regions. 

AF pressure 
≥1.5 s

AF pressure 
<1.5 s

Regular 
pulse wave

AF pressure with max. 
duration of RR<1.5s

AF pressure with max. 
duration of RR 1.5s

Figure 3. Dynamics of changes in pressure inside the rotameter tube, when simulating AF with different durations of the R-R interval, 
compared with the parameters with a regular pulse wave (in %).
Рисунок 3. Динамика изменения давления внутри трубки ротаметра при имитации ФП с различной продолжительностью 
интервала R-R по сравнению с параметрами при регулярной пульсовой волне (в %).
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