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Szymon Buś, Konrad Jędrzejewski and Przemysław Guzik

Statistical and Diagnostic Properties of pRRx Parameters in Atrial Fibrillation Detection
Reprinted from: J. Clin. Med. 2022, 11, 5702, doi:10.3390/jcm11195702 . . . . . . . . . . . . . . . . 220
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Preface

Novel electrocardiographic criteria along with new algorithms to diagnose and treat arrhythmias 
have been proposed, enabling more personalized patient management, including more rational use 
of imaging, implantable cardioverter-defibrillators, cardiac resynchronization therapy, and catheter 
ablation. This progress also concerns the diagnostics, treatment, and classification of arrhythmogenic 
disorders. Moreover, advancements in imaging and cardiovascular genetics have made better 
diagnostics and risk stratification possible. However, personalized paths in arrhythmia management 
are increasingly needed. The Special Issue titled “New Frontiers in Electrocardiography, Cardiac 
Arrhythmias, and Arrhythmogenic Disorders” in the Journal of Clinical Medicine provides updates 
with recent studies in the field of electrocardiology.

Paweł T. Matusik and Christian Sohns

Editors

ix





Citation: Król, R.; Karnaś, M.;
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In recent decades, diagnosing, risk-stratifying, and treating patients with primary
electrical diseases, as well as heart rhythm disorders, have improved substantially. More-
over, new clinical classification of rare cardiac arrhythmogenic and conduction disorders
and rare arrhythmias has been proposed to facilitate research and simplify differential
diagnostics [1]. Significant progress has been made in assessing the genetic background of
patients after sudden cardiac arrest [2], and new frontiers have also been reached in the field
of stratifying cardiovascular risk and predicting sudden cardiac death. These advances
concern the use of novel biomarkers in combination with clinical data [3,4]. Artificial
intelligence may also be useful in addressing unmet needs in improving the prediction
of sudden cardiac arrest [5]. In current clinical practice, the use of conduction system
pacing and subcutaneous implantable cardioverter–defibrillator therapy is increasingly
common in patients who require cardiac pacing or sudden cardiac death prevention with
the use of implantable cardioverter–defibrillators [6,7]. Importantly, patients at high risk of
pacemaker pocket infections or with a lack of upper-extremity venous access may benefit
from leadless pacemakers, which may preserve (at least to some extent) atrioventricular
synchrony, such as a novel dual-chamber leadless pacemaker system [8,9]. Moreover, there
is increasing clinical evidence on the safe extraction of leadless pacemakers with a dwelling
time of over 12 months [10].

Important new technologies have been introduced in the field of ablation procedures
since cardiac ablations were previously performed with the delivery of direct current shocks
to an electrode catheter [11]. Due to the severe complications involved, this was replaced by
radiofrequency ablation, which is currently widely used in electrophysiology laboratories.
The use of steerable sheaths, contact force sensing (the contact force is positively correlated
with the lesion size, steam pops, and thrombus formation), and irrigated tip catheters (larger
lesions creation, a lower risk of thrombus and char formation) for ablation has brought
about improvements in the field of radiofrequency ablation [12–15]. The catheters may be
visualized using fluoroscopy or three-dimensional electroanatomical mapping techniques, lim-
iting or completely omitting the use of X-rays (zero X-ray ablation) and increasing the precision
of ablating the arrhythmogenic substrate. Another ablation method is cryoablation, which may
be especially valuable in pulmonary vein isolation and in patients with perinodal accessory
pathways due to the low risk of persistent iatrogenic atrioventricular block [16]. Moreover,
the use of pulse field ablation also holds great promise, which is a novel ablation modality
utilizing non-thermal energy and causing irreversible electroporation, leading to cardiac cell
death (other cells are less prone to these changes) [17,18]. Among patients who experience
recurrent ventricular tachycardias after catheter ablation despite optimal pharmacotherapy

J. Clin. Med. 2024, 13, 2047. https://doi.org/10.3390/jcm13072047 https://www.mdpi.com/journal/jcm1



J. Clin. Med. 2024, 13, 2047

or among those who have contraindications to catheter ablation, stereotactic arrhythmia
radioablation is a potentially valuable treatment option [19].

In the Special Issue “New Frontiers in Electrocardiography, Cardiac Arrhythmias, and
Arrhythmogenic Disorders” of the Journal of Clinical Medicine, readers will find 22 papers
(summarized in Table 1) written by authors from around the world (Figure 1). These papers
concern a variety of topics in the field of electrocardiology [20–22].

Table 1. Summary of the papers published in the Special Issue “New Frontiers in Electrocardiography,
Cardiac Arrhythmias, and Arrhythmogenic Disorders”.

Contribution
Number

Reference
Type of

Publication
Number of

Authors/Affiliations
Locations of

Authors’ Affiliations

1
Bijak, P.; et al. Fever-Induced Brugada Sign: Clue for Clinical
Management with Non-Negligible Risk of Sudden Cardiac
Death. J. Clin. Med. 2023, 12.

Editorial 6/7 Poland, Bulgaria,
Israel, Italy, Germany

2
Bun, S.-S.; et al. Prevalence and Clinical Characteristics of
Patients with Torsades de Pointes Complicating Acquired
Atrioventricular Block. J. Clin. Med. 2023, 12, 1067.

Article 7/1 France

3

Lisicka, M.; et al. Heart Rate Variability Impairment Is
Associated with Right Ventricular Overload and Early
Mortality Risk in Patients with Acute Pulmonary Embolism. J.
Clin. Med. 2023, 12, 753.

Article 6/2 Poland

4
Buś, S.; et al. Statistical and Diagnostic Properties of pRRx
Parameters in Atrial Fibrillation Detection. J. Clin. Med. 2022,
11, 5702.

Article 3/2 Poland

5

Buś, S.; et al. Using Minimum Redundancy Maximum
Relevance Algorithm to Select Minimal Sets of Heart Rate
Variability Parameters for Atrial Fibrillation Detection.
J. Clin. Med. 2022, 11, 4004.

Article 3/2 Poland

6
Giovanardi, P.; et al. Combined Effects of Age and
Comorbidities on Electrocardiographic Parameters in a Large
Non-Selected Population. J. Clin. Med. 2022, 11, 3737.

Article 6/7 Italy

7
Matusik, P.S.; et al. Clinical Data, Chest Radiograph and
Electrocardiography in the Screening for Left Ventricular
Hypertrophy: The CAR2E2 Score. J. Clin. Med. 2022, 11, 3585.

Article 5/5 Poland

8

Tymińska, A.; et al. Fifteen-Year Differences in Indications for
Cardiac Resynchronization Therapy in Inter-national
Guidelines—Insights from the Heart Failure Registries of the
European Society of Cardiology. J. Clin. Med. 2022, 11, 3236.

Article 11/5 Poland, Spain,
Italy, France

9
Li, G.-Y.; et al. Sinus Node Dysfunction after Successful Atrial
Flutter Ablation during Follow-Up: Clinical Characteristics
and Predictors. J. Clin. Med. 2022, 11, 3212.

Article 16/3 Taiwan

10 Okólska, M.; et al. Prevalence of Arrhythmia in Adults after
Fontan Operation. J. Clin. Med. 2022, 11, 1968. Article 9/7 Poland

11

Kowalik, R.; et al. In-Hospital and One-Year Outcomes of
Patients after Early and Late Resuscitated Cardiac Arrest
Complicating Acute Myocardial Infarction—Data from
a Nationwide Database. J. Clin. Med. 2022, 11, 609.

Article 10/4 Poland

12

Karkowski, G.; et al. Contact Force-Sensing versus Standard
Catheters in Non-Fluoroscopic Radiofrequency Catheter
Ablation of Idiopathic Outflow Tract Ventricular Arrhythmias.
J. Clin. Med. 2022, 11, 593.

Article 7/5 Poland

13
Bun, S.-S.; et al. Prevalence and Clinical Characteristics of
Patients with Pause-Dependent Atrioventricular Block.
J. Clin. Med. 2022, 11, 449.

Article 9/2 France

14

Ozierański, K.; et al. Sex Differences in Incidence, Clinical
Characteristics and Outcomes in Children and Young Adults
Hospitalized for Clinically Suspected Myocarditis in the Last
Ten Years—Data from the MYO-PL Nationwide Database.
J. Clin. Med. 2021, 10, 5502.

Article 8/3 Poland
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Table 1. Cont.
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15

Tsai, C.-F.; et al. Long-Term Prognosis of Febrile Individuals
with Right Precordial Coved-Type ST-Segment Elevation
Brugada Pattern: A 10-Year Prospective Follow-Up Study.
J. Clin. Med. 2021, 10, 4997.

Article 4/3 Taiwan

16

Ozierański, K.; et al. Occurrence, Trends, Management and
Outcomes of Patients Hospitalized with Clinically Suspected
Myocarditis—Ten-Year Perspectives from the MYO-PL
Nationwide Database. J. Clin. Med. 2021, 10, 4672.

Article 7/2 Poland

17
Okólska, M.; et al. Heart Rate Variability and Its Associations
with Organ Complications in Adults after Fontan Operation. J.
Clin. Med. 2021, 10, 4492.

Article 7/5 Poland

18

Wałek, P.; et al. Echocardiographic Evaluation of Atrial
Remodelling for the Prognosis of Maintaining Sinus Rhythm
after Electrical Cardioversion in Patients with Atrial
Fibrillation. J. Clin. Med. 2023, 12, 5158.

Review 4/3 Poland

19

Aziz, H.M.; et al. Pathogenesis and Management of Brugada
Syndrome: Recent Advances and Protocol for Umbrella
Reviews of Meta-Analyses in Major Arrhythmic Events Risk
Stratification. J. Clin. Med. 2022, 11, 1912.

Review 8/11
Poland, Argentina,
Korea, China, the
United Kingdom

20 He, M.; et al. Caveolin-3 and Arrhythmias: Insights into the
Molecular Mechanisms. J. Clin. Med. 2022, 11, 1595. Review 5/1 China

21

Ahmed, M.; et al. Rhythm vs. Rate Control in Patients with
Postoperative Atrial Fibrillation after Cardiac Surgery:
A Systematic Review and Meta-Analysis. J. Clin. Med. 2023,
12, 4534.

Systematic
review 15/4 Canada

22
Oliva, A.; et al. Structural Heart Alterations in Brugada
Syndrome: Is it Really a Channelopathy? A Systematic
Review. J. Clin. Med. 2022, 11, 4406.

Systematic
review 21/11 Spain, Italy,

The Netherlands

 

Figure 1. Locations of affiliations of the authors contributing to the Special Issue “New Frontiers in
Electrocardiography, Cardiac Arrhythmias, and Arrhythmogenic Disorders”.
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In the rapidly growing field of electrocardiology, further in-depth analyses of pathogenesis
and clinical management, along with important aspects of telehealth, which is promising for
the improvement of care [23], are needed. These should include detailed descriptions of case
reports and systematic reviews, as seen in other fields of medicine [24,25]. Despite progress,
there are gaps in our knowledge of and the clinical care of patients, including those with heart
failure, who may benefit from the placement of implantable cardiovascular electronic devices
(and their remote monitoring), catheter ablation, or optimized medical therapy [26,27]. Thus,
we look forward to reading, reviewing, and/or editing new papers submitted to the Journal of
Clinical Medicine, including the new Special Issue “Further Advances in Electrocardiography,
Cardiac Arrhythmias, and Arrhythmogenic Disorders”.
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Brugada syndrome (BrS) is a primary electrical disease predisposing to ventricu-
lar tachyarrhythmias and sudden cardiac death [1]. The optimal diagnostics and risk
stratification in patients suspected of having BrS are challenging [2]. A type 1 Brugada
electrocardiogram (ECG) pattern is observed in about 2% of patients with fever and is also
described in pediatric inflammatory multisystem syndrome related to COVID-19 [3,4]. The
current European Society of Cardiology (ESC) guidelines for the management of patients
with ventricular arrhythmias and the prevention of sudden cardiac death indicate the
necessity to exclude Brugada phenocopies while making a diagnosis of BrS [5]. These
guidelines highlight the lower specificity of the type 1 Brugada ECG pattern observed
during the sodium channel blocker test or fever [5], but it should be mentioned that these
induced Brugada ECG patterns are not considered a BrS phenocopy. In these conditions,
genetic testing may be considered, according to a recent expert consensus statement on the
state of genetic testing for cardiac diseases [6].

In the Journal of Clinical Medicine Special Issue “New Frontiers in Electrocardiography,
Cardiac Arrhythmias, and Arrhythmogenic Disorders”, Tsai et al. [7] described a long-term
follow-up of a cohort of patients with a fever-induced type 1 Brugada ECG pattern. They
included 18 asymptomatic patients without a spontaneous type 1 BrS ECG pattern and
no family history of sudden death and 3 symptomatic individuals (two had previous
syncopal episodes, while one had aborted sudden cardiac arrest). In the mean follow-up
almost 10 years later, none of the asymptomatic patients experienced ventricular arrhythmic
events. At the same time, all symptomatic patients experienced cardiac events, including
implantable cardioverter-defibrillator therapies (shocks for new arrhythmic events) or
sudden death.

Notably, Mizusawa et al. [8] reported the risk of arrhythmic events in patients with
fever-induced BrS type 1 ECGs in a relatively large, multicenter, retrospectively collected
cohort. In their cohort, the arrhythmic event rate was 3.0%/year in patients with a history
of ventricular fibrillation, 1.3%/year in patients with a history of syncope, and 0.9%/year
in asymptomatic patients. These results, while possibly derived from a more selected
population, emphasize that the risk associated with fever-induced type 1 Brugada ECG is
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not negligible (compared to the incidence of sudden cardiac death in the general population
of 0.03–0.1%/year [9]).

Moreover, in their paper, Tsai et al. [7] noted that there was an increase in heart rate
and a significant shortening of the PR interval during periods of fever. In contrast, QRS
duration and QTc intervals were not different during fever, compared to ECGs recorded
without this condition in both asymptomatic and symptomatic patients. These data are
consistent with the observations of Mizusawa et al. [8]. Interestingly, Mizusawa et al. [8]
additionally observed that PR interval, QRS duration, and QTc interval prolonged during
the sodium channel blocker challenge, suggesting different mechanisms implicated in
their induction.

The association between fever and ECG pattern may be particularly important in light
of evidence for inflammation in the right ventricular outflow tract of BrS patients, which
may trigger ventricular arrhythmias in predisposed hearts [10].

It should be mentioned that a fever-induced type 1 Brugada ECG pattern may be
awarded 3 points in the proposed Modified Shanghai scoring system for the diagnosis of
BrS, compared to 3.5 points for a spontaneous type 1 Brugada ECG pattern and 2 points
for a sodium channel blocker-induced Brugada type 1 ECG pattern (all at nominal or high
leads) [6]. Moreover, the panel of experts for the recent ESC guidelines recommends that
an induced type 1 ECG pattern requires other clinical characteristics, including arrhythmic
syncope, polymorphic ventricular tachycardia or ventricular fibrillation, and consistent
family history to diagnose BrS, contrary to spontaneous type 1 Brugada ECG pattern in
patients without other heart diseases [5].

Thus, in line with current ESC guidelines [5], we consider a close follow-up with
general recommendations (among others: avoidance of drugs and other substances listed
on http://www.brugadadrugs.org (accessed on 24 April 2023) and treatment of fever with
antipyretic drugs) of asymptomatic (no arrhythmic syncope/nocturnal agonal respiration)
patients with fever-induced type 1 Brugada ECG pattern without documented ventricular
arrhythmia and with negative family history (both of BrS and sudden death < 45 years) as
the most reasonable approach to clinical management.
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Heart Rate Variability and Its

Associations with Organ

Complications in Adults after Fontan

Operation. J. Clin. Med. 2021, 10, 4492.

https://doi.org/10.3390/

jcm10194492

Academic Editor: Adrian Covic

Received: 13 August 2021

Accepted: 22 September 2021

Published: 29 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Cardiological Outpatient Clinic, Department of Cardiovascular Diseases, John Paul II Hospital,
31-202 Krakow, Poland; m.okolska@interia.pl

2 Department of Cardiac and Vascular Diseases, Institute of Cardiology, Jagiellonian University Medical
College, John Paul II Hospital, 31-202 Krakow, Poland; djholter@interia.pl (J.Ł.); ppodolec@interia.pl (P.P.);
ltom@wp.pl (L.T.-P.)

3 Department of Electrocardiology, Institute of Cardiology, Faculty of Medicine, Jagiellonian University
Medical College, John Paul II Hospital, 31-202 Krakow, Poland

4 Department of Pediatric Heart Surgery and General Pediatric Surgery, Medical University of Warsaw,
02-091 Warsaw, Poland; jacekpajak@poczta.onet.pl

5 Department of Pediatric Cardiac Surgery, Jagiellonian University, 30-663 Krakow, Poland;
t_mroczek@hotmail.com

* Correspondence: pawel.matusik@wp.eu; Tel.: +48-12-614-23-81

Abstract: Reduction of heart rate variability (HRV) parameters may be a risk factor and precede
the occurrence of arrhythmias or the development of heart failure and complications in people
with postinfarct left ventricular dysfunction and after coronary artery bypass grafting. Data on
this issue in adults after a Fontan operation (FO) are scarce. This study assessed the association
between HRV, exercise capacity, and multiorgan complications in adults after FO. Data were obtained
from 30 FO patients (mean age 24 ± 5.4 years) and 30 healthy controls matched for age and sex.
HRV was investigated in all patients by clinical examination, laboratory tests, echocardiography, a
cardiopulmonary exercise test, and 24-h electrocardiogram. The HRV parameters were reduced in
the FO group. Reduced HRV parameters were associated with patients’ age at the time of FO, time
since surgery, impaired exercise capacity, chronotropic incompetence parameters, and multiorgan
complications. Univariate analysis showed that saturated O2 at rest, percentage difference between
adjacent NN intervals of >50 ms duration, and peak heart rate were associated with chronotropic
index. Multivariable analysis revealed that all three variables were independent predictors of the
chronotropic index. The results of this study suggest novel pathophysiological mechanisms that link
HRV, physical performance, and organ damage in patients after FO.

Keywords: heart rate variability; physical performance; Fontan operation; organ complications

1. Introduction

The Fontan operation (FO) is the treatment of choice for patients with single-ventricle
congenital heart disease [1]. The aim of this operation is to separate the pulmonary and
systemic circulation, and achieve normal or near-normal arterial oxygen saturation. How-
ever, over time, cardiac and extra-cardiac complications develop in patients after FO. The
literature also provides reports on the development of pathophysiological abnormalities,
including abnormal functioning of the autonomic nervous system, altered chemoreceptor
activity, and neurohumoral disorders, in this patient population [2–4].

One of the most significant problems in clinical practice during follow-up is identifying
patients with a high risk of mortality. Parallel to the use of well-known methods (such as
echocardiography), new methods are being developed, but their promising diagnostic or
prognostic value is still not fully understood. Assessment of heart rate variability (HRV) is
one such method.
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A severe decrease in HRV indicates autonomic nervous system (ANS) dysfunction [5].
Decreased HRV may be a risk factor and precede organ complications. Research on patients
with postinfarct left ventricular dysfunction indicates a relationship between reduced HRV
and the development of heart failure, a higher risk of ventricular arrhythmia, and a worse
prognosis [6,7]. HRV reduction is also observed in patients after cardiac surgery [8]. In
adults with congenital heart disease, reduced HRV parameters were found among those
with tetralogy of Fallot, systemic right ventricle, or cyanotic heart disease and those who
underwent aortic coarctation repair or ventricular septal defect closure with right bundle
branch block [9–12]. However, only a few studies have analyzed these aspects in patients
after FO, and thus the data are limited. Furthermore, literature reports are mostly related
to a pediatric population [13–18], while data regarding adult patients are scarce.

Therefore, this study aimed to assess the relationship between HRV parameters,
exercise capacity, and multiorgan complications in adults after FO.

2. Materials and Methods

2.1. Study Participants

This was a retrospective study and included 30 adult patients over 18 years of age. All
the patients underwent FO as they were diagnosed with functionally single ventricular
heart. The patients remained under medical supervision in John Paul II Hospital. The
exclusion criteria of the study were as follows: diagnosis of pulmonary artery hypertension
requiring vasodilator therapy, asthma, atrial flutter, atrial fibrillation, diabetes, current
infection, inflammation, and neoplastic disease, major trauma, pregnancy, use of vitamin
K antagonists or beta-blockers, and history of pacemaker placement and alcohol abuse.
Healthy, age- and sex-matched volunteers were included in the control group.

All the demographic, anatomic, and clinical data required for the study were obtained
from the patients’ medical records. Each patient was subjected to a physical examination
as well as an assessment of body mass index, ejection fraction of the systemic ventricle,
and arterial oxygen saturation. Body mass index was calculated by dividing the weight of
the patient (kg) by height (m2). Oxygen saturation was measured by pulse oximetry while
breathing room air.

2.2. Echocardiography

Ejection fraction of the systemic ventricle was assessed using Simpson’s method. In
addition, valvular competence was evaluated in all the patients by two experienced, inde-
pendent cardiologists using echocardiography (Vivid 7, GE Medical Systems, Milwaukee,
WI, USA), as previously described [19].

2.3. Laboratory Investigations

After overnight fasting for at least 12 h, blood samples were collected from the
antecubital vein of patients. The samples were evaluated for the following laboratory
parameters that may indicate multi-organ complications: white blood cell count, red blood
cell count, hemoglobin concentration, hematocrit, red blood cell distribution width, platelet
count, mean platelet volume (MPV), total protein, alanine aminotransferase, aspartate
transaminase, gamma-glutamyl transpeptidase (GGTP), alkaline phosphatase, total biliru-
bin α-fetoprotein, creatinine, cystatin C and N-terminal pro-B-type natriuretic peptide. All
of them were assessed by routine laboratory techniques.

2.4. Cardiopulmonary Exercise Test

Exercise tolerance was determined by performing the cardiopulmonary exercise test
(CPET) using a modified Bruce protocol (Reynols Medical System, ZAN-600, Hertford,
UK). The following parameters were recorded during CPET: blood pressure, rest oxygen
saturation (Sat. O2 rest), 12-lead electrocardiogram, time of exercise, minute ventilation
(VE), peak oxygen uptake (VO2 peak), respiratory exchange ratio (RER), peak ventilatory
equivalent of oxygen (VE/VO2), peak ventilatory equivalent of carbon dioxide (VE/VCO2),

10



J. Clin. Med. 2021, 10, 4492

and breathing reserve. VO2 peak was estimated as the highest oxygen uptake at peak exer-
cise (mL/kg/min), and the percentage of the predicted value was calculated. Ventilatory
anaerobic threshold was measured using the V-slope method. VE/VO2 was defined as the
amount of ventilation needed to uptake a given amount of oxygen, while VE/VCO2 was
defined as the amount of ventilation needed to eliminate a given amount of carbon dioxide.
RER was calculated by dividing VO2 by VCO2.

2.5. Chronotropic Incompetence

Chronotropic index was determined based on the chronotropic metabolic relationship
introduced by Wilkoff et al. [20] and calculated by using the following formula: (peak heart
rate − resting heart rate)/(220 − age − resting heart rate). Chronotropic incompetence
was defined as a chronotropic index value of <0.8.

Heart rate reserve (HRR) was calculated as the difference between maximal heart rate
(HRmax) and peak heart rate. HRmax was determined using the following formula: 220 −
age. Accordingly, HRR was calculated as follows: HRR = HRmax − peak heart rate = 220
− age − peak heart rate [21,22].

2.6. Ambulatory 24-h Holter Electrocardiogram

All patients and controls were subjected to standard 24-h electrocardiographic moni-
toring during daily activity, using a commercially available Holter system. All Holters were
reviewed by two experienced observers. All recordings were analyzed using a PC-based
Holter system, and those shorter than 21 h were excluded. The predominant rhythm was
defined as the one that was present during >50% of the time during the Holter recording.

2.7. Heart Rate Variability

All Holters with available data were reviewed by two experienced analysts to analyze
HRV. The beats were classified by automated software as normal, supraventricular extrasys-
tolic, ventricular extrasystolic, those of uncertain origin, or artifacts. The classification was
manually reviewed and corrected if necessary. Only normal-to-normal (NN) intervals were
included in the HRV analysis.

The following HRV time-domain parameters were measured: standard deviation of all
NN intervals (SDNN), standard deviation of the averages of NN intervals in all 5-min segments
of the entire recording (SDANN), root mean square of the differences of successive NN intervals
(rMSSD), percentage difference between adjacent NN intervals of >50 ms duration (pNN50),
and HRV triangular index.

Furthermore, the following HRV frequency parameters were measured: very low fre-
quency (0.017–0.050 Hz); low frequency (0.050–0.150 Hz); and high frequency (0.150–0.350 Hz).

The high frequency component is associated with the activity of the parasympathetic
nervous system, and low frequency with both the sympathetic and parasympathetic system.
Very low frequency is related to more long-term fluctuations in heart rate [23].

The total power was determined at frequencies ranging from 0.017 to 0.050 Hz. In
addition, the low frequency/high frequency ratio was calculated. All spectral indexes
were calculated as average data over the complete recording period (up to 24 h). The
parameters SDNN, HRV triangular index, total power, and low frequency were assumed
to reflect, with some simplification, the overall HRV or activity of both sympathetic and
parasympathetic components of the ANS, while the parameters rMSSD, pNN50, and high
frequency were directly proportional to the parasympathetic nervous system [23].

2.8. Statistical Analysis

The data distribution was presented as numbers and percentages for categorical vari-
ables, means with SDs for normally distributed continuous variables, and medians with
lower and upper quartiles (Q1–Q3) for continuous variables with non-normal distribution.
The normality of the data distribution was verified using the Kolmogorov–Smirnov test.
Quantitative variables of patients who underwent FO and control participants were com-
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pared using the two-tailed Student’s t-test or Mann–Whitney U test, whereas qualitative
variables were analyzed using the chi-square test. The association between numerical
variables was analyzed by calculating the Pearson’s correlation or Spearman’s rank correla-
tion coefficient. Moreover, the simultaneous influence of Sat. O2 rest and pNN50 on peak
heart rate was assessed using the linear regression model. The results were presented as
coefficient (b) with 95% confidence interval. The R-square value was calculated to describe
the goodness-of-fit for the linear regression model. All the analyses were performed using
IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA). Statistical
significance was defined as p < 0.05 for the two-tailed test.

3. Results

3.1. Patients’ Characteristics

Thirty adult patients who underwent FO were enrolled in the study, including 17
men (57%) with a mean age of 24 ± 5.4 years. These patients did not show any significant
difference from the controls with regard to age, sex, and body mass index. The median
age of patients at the time of surgery was 3 (Q1–Q3: 2–5) years, the median time after
surgery was 19.5 (Q1–Q3: 17–21) years. A total of 19 (64%) patients had fenestration, and
11 (36%) had no fenestration. The mean ejection fraction of the systemic ventricle was 52 ±
9.1%. The baseline characteristics of the study group and the control group are presented
in Tables 1 and 2.

Table 1. Baseline characteristics of the study group and controls.

Variables Fontan Patients (n = 30) Controls (n = 30) p-Value

Age, years 24 (5.4) 25.6 (3.8) 0.23
Female sex, n (%) 13 (43) 12 (40) 0.95

Height, cm 170 (8.1) 173 (6.9) 0.19
Weight, kg 65.08 (9.7) 69.0 (9.3) 0.85

Body mass index, kg/m2 22.5 (2.7) 22.7 (2.2) 0.69
Continuous data are presented as mean (SD) and categorical data as number (percentage).

3.2. Laboratory Tests Results

The laboratory parameters determined for the FO group and the control group are
presented in Table 3.

Table 2. Baseline characteristics of patients after the Fontan operation.

Variables Patients (n = 30)

Anatomic diagnosis, n (%)

Tricuspid atresia 5 (17)

Pulmonary stenosis/TGA 4 (13)

Right ventricular hypoplasia 11 (36)

Hypoplastic left heart syndrome 5 (17)

Double-outlet right ventricle with left ventricular
hypoplasia 3 (10)

Double-inflow left ventricle 1 (4)

Common atrioventricular canal 1 (4)

Systemic ventricle type, n (%)

Left ventricle 24 (80)

Right ventricle 6 (20)
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Table 2. Cont.

Variables Patients (n = 30)

NYHA functional class, n (%)

I 5 (17)

II 21 (71)

III 4 (12)

IV 0 (0)

Types of Fontan operation, n (%)

Total cavopulmonary connection, lateral tunnel 29 (96)

Atriopulmonary connection 1 (4)
Abbreviation: NYHA, New York Heart Association; TGA, transposition of great arteries.

Table 3. Laboratory parameters in patients after Fontan procedure and in controls.

Variables Fontan Group (n = 30) Controls (n = 30) p-Value

NT-proBNP, pg/mL 148.0 (96.0–470.0) 24.5 (6.0–35.0) <0.001

RBC, 109/μL 5.5 (0.6) 4.9 (0.5) <0.001

Hemoglobin, g/dL 18.8 (1.8) 14.7 (1.3) 0.011

Hematocrit, % 47.6 (4.5) 43.0 (3.3) <0.001

RDW, % 13.2 (12.9–14.4) 12.4 (12.0–12.6) <0.001

Platelet count, 103/μL 164.4 (70.8) 228.2 (38.1) <0.001

PDW, fL 16.0 (3.2) 12.2 (2.3) <0.001

MPV, fL 12.0 (1.2) 10.4 (1.0) <0.001

Cystatin C, mg/L 0.9 (0.2) 0.8 (0.1) 0.009

Creatinine, μmol/L 72.8 (12.9) 77.4 (14.2) 0.19

eGFR, mL/min/1.73 m2 116.5 (13.6) 112.0 (12.9) 0.26

AST, IU/L 24.0 (20.0–28.0) 19.5 (17.0–22.0) <0.001

ALT, IU/L 24.0 (19.0–27.0) 20.0 (17.0–23.0) 0.04

GGTP, U/L 61.5 (44.0–117.0) 15.5 (14.0–18.0) <0.001

Bilirubin, μmol/L 18.3 (10.7–34.0) 12.0 (7.7–17.0) 0.002

α-Fetoprotein, ng/mL 2.5 (1.9–3.6) 2.3 (1.9–3.4) 0.657

ALP, U/L 80.5 (64.0–88.0) 67.0 (55.0–89.0) 0.11

Total protein, g/dL 75.1 (70.2–78.8) 75.0 (73.0–78.6) 0.43

Prothrombin time, s 13.6 (12.6–15.2) 11.9 (11.4–12.0) <0.001

INR 1.2 (1.2–1.65) 1.0 (0.9–1.1) <0.001

AST/ALT ratio 1.1 (0.4) 1.0 (0.3) 0.21
Continuous data are presented as mean (SD) or median (Q1–Q3). Abbreviations: ALP, alkaline phosphatase;
ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST/ALT ratio, ratio of aspartate transaminase
to alanine transaminase; eGFR, estimated glomerular filtration rate; GGTP, γ-glutamyl transpeptidase; INR,
international normalized ratio; MPV, mean platelet volume; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; PDW, platelet distribution width; RBC, red blood cells; RDW, red cell distribution width.

3.3. CPET Results

The CPET results of patients from the FO group were compared with those from the
control group and are presented in Table 4.
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Table 4. Cardiopulmonary exercise test results of patients in the Fontan operation group and controls.

Variables Fontan Group (n = 30) Controls (n = 30) p-Value

Exercise time, min 13.5 (3.4) 16.65 (2.7) <0.001

Sat. O2 rest, % 92.0 (89.0–93.0) 97.0 (96.0–98.0) <0.001

Sat. O2 exercise, % 87.0 (84.0–89.0) 97.0 (96.0–97.0) <0.001

Peak VO2 per kg, mL/kg/min 20.6 (18.2–23.2) 50.9 (46.5–54.1) <0.001

Peak VO2, %n 55.0 (48.0–63.0) 97.0 (95.0–98.0) <0.001

VE 46.0 (35.0–63.0) 123 (97–138) <0.001

VE/VCO2, L/L 33.3 (3.9) 26.5 (2.9) <0.001

RER peak 1.0 (0.08) 1.1 (0.9) 0.01

Chronotropic index 0.55 (0.47–0.62) 0.93 (0.88–0.99) <0.001

HRR 32.0 (24.0–60.0) 8.0 (1.0–14.0) <0.001
Continuous data are presented as mean (SD) or median (Q1–Q3). Abbreviations: HRR, heart rate reserve; peak
VO2 per kg, peak oxygen uptake per kilogram; peak VO2 (%n), percentage of predicted value for peak oxygen
uptake; RER peak, peak respiratory exchange ratio; Sat. O2, oxygen saturation; VE, minute ventilation; VE/VCO2,
peak ventilatory equivalent of CO2.

3.4. Heart Rate Variability

A significant reduction in HRV was observed in adult patients with Fontan circulation
compared with the control subjects (Table 5).

Table 5. Heart rate and HRV in the Fontan patients and control subjects.

Variables Fontan Patients (n = 30) Controls (n = 30) p-Value

Heart rate, bpm 69.1 (10.4) 80.5 (6.5) <0.001

Mean NN, ms 922.0 (157.9) 771.57 (59.4) <0.001

SDNN, ms 121.8 (29.6) 152.74 (23.94) <0.001

SDANN, ms 111.9 (31.6) 133.63 (25.2) <0.001

rMSSD, ms 16.5 (10.9–33.5) 32.65 (27.4–43.7) <0.001

pNN50, ms 6.75 (2.7–13.0) 11.8 (7.2–13.2) 0.018

HRV triangular index, ms 34.5 (11.3) 45.7 (7.8) <0.001

Very low frequency (ms2) 301.6 (13.1–491.2) 491.8 (256.2–71.2) 0.030

Low frequency (ms2) 332.8 (93.4–551.2) 712.3 (538.3–1129.1) <0.001

High frequency (ms2) 140.1 (46.1–303.2) 289.0 (156.7–370) 0.019

Total power (ms2) 861.1 (1.0–1738.0) 1618.7 (957.4–2031) 0.003

Low frequency/high
frequency ratio 3.5 (2.5) 4.2 (1.5) 0.190

Continuous data are presented as mean (SD) or median (Q1–Q3). Abbreviations: HRV, heart rate variability;
NN, normal-to-normal interval; pNN50, percentage difference between adjacent NN intervals of >50 ms dura-
tion; rMSSD, root mean square of the differences of successive NN intervals; SDANN, standard deviation of
the averages of NN intervals in all 5-min segments of the entire recording; SDNN, standard deviation of all
NN intervals.

The correlations between the HRV parameters and patients’ characteristics are pre-
sented in Table 6.
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Table 6. Correlations between HRV parameters and patient characteristics.

Share of the Autonomous Components in the Modulation of HRV Parameters

Overall HRV or Sympathetic and Parasympathetic Nervous
System Activities

Parasympathetic Nervous System Activity

HRV
Parameters

SDNN HRV Index
Low

Frequency
Total Power rMSSD pNN50

High
Frequency

Group characteristic

Age at the
time of
Fontan

operation

R = −0.379,
p = 0.039

R = −0.250,
p = 0.183

R = −0.074,
p = 0.697

R = −0.153,
p = 0.421

R = 0.270,
p = 0.149

R = −0.422,
p = 0.020

R = −0.047,
p = 0.805

Age during
the study

R = −0.426,
p = 0.019

R = −0.217,
p = 0.25

R = −0.31,
p = 0.094

R = −0.432,
p = 0.017

R = −0.061,
p = 0.749

R = −0.481,
p = 0.007

R = −0.205,
p = 0.276

Echocardiography

Ejection
fraction of

the systemic
ventricle

R = 0.584,
p = 0.001

R = 0.424,
p = 0.02

R = 0.347,
p = 0.06

R = 0.453,
p = 0.012

R = 0.032,
p = 0.104

R = 0.638,
p = 0.001

R = 0.281,
p = 0.132

Chronotropic parameters

HRR R = −0.137,
p = 0.471

R = −0.411,
p = 0.023

R = −0.221,
p = 0.240

R = −0.264,
p = 0.159

R = −0.323,
p = 0.082

R = −0.262,
p = 0.162

R = −0.193,
p = 0.307

Chronotropic
index

R = 0.220,
p = 0.243

R = 0.330,
p = 0.075

R = 0.332,
p = 0.073

R = 0.333,
p = 0.072

R = 0.291,
p = 0.118

R = 0.419,
p = 0.021

R = 0.164,
p = 0.386

CPET parameters

Exercise time R = 0.318,
p = 0.086

R = 0.709,
p < 0.001

R = 0.544,
p = 0.002

R = 0.45,
p = 0.013

R = −0.099,
p = 0.601

R = 0.440,
p = 0.015

R = 0.38,
p = 0.038

Peak heart
rate

R = 0.262,
p = 0.163

R = 0.485,
p = 0.007

R = 0.384,
p = 0.036

R = 0.375,
p = 0.041

R = 0.377,
p = 0.040

R = 0.394,
p = 0.031

R = 0.277,
p = 0.138

Peak VO2 per
kg

R = 0.404,
p = 0.027

R = 0.607,
p < 0.001

R = 0.394,
p = 0.031

R = 0.360,
p = 0.051

R = 0.142,
p = 0.453

R = 0.524,
p = 0.003

R = 0.290,
p = 0.119

Peak VO2,
%N

R = 0.137,
p = 0.469

R = 0.541,
p = 0.002

R = 0.233,
p = 0.216

R = 0.185,
p = 0.328

R = −0.016,
p = 0.933

R = 0.222,
p = 0.238

R = 0.077,
p = 0.687

VE R = 0.434,
p = 0.017

R = 0.369,
p = 0.045

R = 0.274,
p = 0.143

R = 0.249,
p = 0.184

R = 0.076,
p = 0.690

R = 0.298,
p = 0.110

R = 0.377,
p = 0.04

VE/VCO2
R = −0.012,

p = 0.951
R = −0.424,

p = 0.019
R = −0.240,

p = 0.202
R = −0.156,

p = 0.411
R = 0.119,
p = 0.530

R = −0.305,
p = 0.102

R = −0.197,
p = 0.296

Laboratory tests

GGTP R = −0.322,
p = 0.083

R = −0.245,
p = 0.192

R = −0.385,
p = 0.036

R = −0.346,
p = 0.061

R = −0.154,
p = 0.415

R = −0.368,
p = 0.046

R = −0.309,
p = 0.096

Abbreviations: CPET, cardiopulmonary exercise test; GGTP, γ-glutamyl transpeptidase; HRR, heart rate reserve; HRV, heart rate variability;
peak VO2 per kg, peak oxygen uptake per kilogram; peak VO2 (%N), percentage of predicted value for peak oxygen uptake; pNN50,
percentage difference between adjacent NN intervals of >50 ms duration; rMSSD, root mean square of the differences of successive NN
intervals; SDNN, standard deviation of all NN intervals; VE, minute ventilation; VE/VCO2, peak ventilatory equivalent of CO2. Significant
results in bold.

3.5. Relationship between HRV, CPET, and Chronotropic Incompetence Parameters

The results of univariate analysis showed that Sat. O2 rest, pNN50, and peak heart
rate were associated with chronotropic index (the strongest relationship was observed for
peak heart rate (R2 = 0.54)). The results of multivariable analysis showed that all three
variables were significant predictors of chronotropic index, accounting for 70% variability
in chronotropic incompetence (Table 7).
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Table 7. Association between oxygen saturation at rest, pNN50, peak heart rate, and chronotropic index.

Univariable Analysis Multivariable Analysis

b 95% CI p-Value R2 b 95% CI p-Value R2

Sat. O2 rest 0.026 (0.004–0.047) 0.02 0.18 0.021 (0.006–0.035) 0.006
pNN50 0.016 (0.003–0.029) 0.018 0.19 0.011 (0.003–0.02) 0.013 0.7

Peak heart rate 0.005 (0.003–0.007) <0.001 0.54 0.004 (0.002–0.006) <0.001

Abbreviations: HRR, heart rate reserve; pNN50, percentage difference between adjacent NN intervals of >50 ms duration; Sat. O2, oxygen
saturation; 95% CI, 95% confidence interval; b—coefficient from linear regression; R2—coefficient of determination.

4. Discussion

This study assessed the association between HRV, exercise capacity, and multi-organ
complications in adults after undergoing FO. The findings revealed that patients after FO
had significantly reduced HRV, implying a correlation between HRV parameters and age
at the time of surgical intervention, the time since operation, reduced exercise capacity, and
organ complications.

The activity of the ANS regulates HRV measures. In this study, 70% of patients from
the study group showed a significant reduction in HRV parameters. These observations
are in accordance with the earlier studies that investigated this issue in pediatric patient
groups, but studies on adult groups are scarce [2,14,15,17,24].

In our study, adult patients who underwent FO showed a decrease in HRV parameters.
This shows the association between age and reduced HRV. The reduction progressed
over time after surgery. Similar observations were presented in the studies by Dahlaqvist
et al. [15] and Rydberg et al. [17]. The age of the patient at the time of the surgery plays
a crucial role in the pathogenesis of arrhythmias. According to the literature, the best
time for surgery in children with single-ventricle heart is up to 4 years of age [25–27].
Decreased HRV parameters were shown in children regardless of the surgical intervention
approach utilized (intra-atrial lateral tunnel or extra-cardiac conduit) [15]. The findings of
our study may be considered valuable and suggest that special attention should be paid for
early qualification of children to FO. This observation is consistent with previous reports,
including that of Abbott et al. [28], who proved that an increased preoperative heart rate is
associated with an increased perioperative risk of heart damage and mortality.

The CPET results of this study revealed that reduced HRV parameters were associated
with chronotropic incompetence and exercise capacity.

Patients who had decreased HRV parameters had lower VO2 peak and percentage of
predicted value of VO2 peak, and higher VE/VCO2.

It has been shown that patients with overt heart failure had decreased VO2 peak and
increased VE/VCO2, which are considered well-established predictors of mortality [29–31].
Furthermore, Kyoto et al. [32] reported a correlation between increased heart rate and
decreased VO2 peak, independent of age, sex, and heart disease. Silvilaired et al. [33]
examined patients after tetralogy of Fallot and observed a relationship between the HRV
parameters (low frequency and high frequency) and reduced VO2 peak, which suggested
that an impaired ANS response may be responsible for decreased exercise tolerance.

It has also been shown that VE/VCO2 reflects the relationship between minute venti-
lation and CO2 excretion [34]. This study revealed that patients with heart failure exhibited
an elevated VE/VCO2 that was associated with excessive minute ventilation in relation
to exercise effort. One of the possible mechanisms explaining this phenomenon is an
imbalance between the ANS and excessive sympathetic activity. Previous studies con-
ducted among people with heart failure have shown that an increased ventilation response,
expressed as higher VE/VCO2, independently correlates with all HRV parameters [35].

Impaired chronotropic response is another issue observed in patients who have had
FO [30,36]. Patients after FO have higher HRR, achieve shorter exercise time in CPET,
and show lower VO2 peak and higher VE/VCO2 values. In this study, we attempted to
explore whether the knowledge on reduced HRV parameters might be used to predict the
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occurrence of organ complications. This assumption seems to be justified: our results con-
firmed that patients with lower pNN50, Sat. O2 rest, and peak heart rate had chronotropic
incompetence and 70% probability of developing heart failure.

In patients after Fontan surgery, liver disorders commonly occur and may cause
serious clinical complications [37,38]. In this study, we registered an increased level of
GGTP and showed a correlation between GGTP and pNN50. This increased level of GGTP
observed in patients after FO could be attributed to liver dysfunction or damage caused
by chronic blood stagnation due to increased venous pressure (prevailing in Fontan’s
circulation). To our knowledge, no studies have so far analyzed the relationship between
reduced HRV parameters and liver dysfunction in patients after FO. However, several
studies in the literature indicate reduced HRV values in patients with liver fibrosis [39–41].
These studies suggest that ANS dysfunction is associated with poor prognosis in this
patient population. Furthermore, Bohogal et al. [41] showed that specific HRV parameters,
regardless of the Model for End-Stage Liver Disease score, can predict mortality in patients
with cirrhosis. The mechanism of ANS dysfunction in patients with liver fibrosis is still
unknown and requires further research. However, the association between HRV and GGTP
as observed in our study may be suspected to indirectly indicate the risk of developing
liver dysfunction.

Holter ECG monitoring is relatively simple, generally available and non-invasive. It
is performed in every patient after FO. HRV parameters have been identified as useful in
various clinical scenarios [5,42]. We suppose that decreased HRV parameters may help to
identify patients with specific organ complications. Decreased HRV parameters may be a
risk of future arrhythmias and may indicate the need for regular follow-up in the case of
heart failure development.

This retrospective study has several limitations to be acknowledged. Firstly, the num-
ber of patients was small and relatively mixed. Secondly, HRV parameters are highly
sensitive to external factors. The norms for the analysis of HRV parameters and prognos-
tically significant reduced values of these parameters in patients with congenital heart
disease have not yet been developed. Therefore, further analyses with larger groups of
patients are necessary.

5. Conclusions

This study revealed that patients after FO had reduced HRV parameters indicating
ANS dysfunction, which was found to be associated with lower exercise tolerance and
poor liver function. The data of the study suggest novel pathophysiological mechanisms
that link HRV, physical performance, and organ damage in patients after FO.
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A.; Kruk, M.; Koń, B.; Skwarek, A.;

Opolski, G.; Grabowski, M.

Occurrence, Trends, Management and

Outcomes of Patients Hospitalized

with Clinically Suspected

Myocarditis—Ten-Year Perspectives

from the MYO-PL Nationwide

Database. J. Clin. Med. 2021, 10, 4672.

https://doi.org/10.3390/

jcm10204672

Academic Editors: Christian Sohns

and Paweł T. Matusik

Received: 11 August 2021

Accepted: 4 October 2021

Published: 12 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 First Department of Cardiology, Medical University of Warsaw, 02-097 Warsaw, Poland;
krzysztof.ozieranski@gmail.com (K.O.); S073784@student.wum.edu.pl (A.S.);
grzegorz.opolski@gmail.com (G.O.); grabowski.marcin@me.com (M.G.)

2 National Health Fund, 02-528 Warsaw, Poland; Marcin.Kruk@nfz.gov.pl (M.K.); Beata.Kon@nfz.gov.pl (B.K.)
* Correspondence: agata.tyminska@wum.edu.pl; Tel.: +48-22-5992958; Fax: +48-22-5991957

Abstract: The epidemiology of myocarditis is unknown and based mainly on small single-centre
studies. The study aimed to evaluate the current incidence, clinical characteristics, management
and outcomes of patients hospitalized due to myocarditis in a general population. The study was
registered in ClinicalTrials.gov (NCT04827706). The nationwide MYO-PL (the occurrence, trends,
management and outcomes of patients with myocarditis in Poland) database (years 2009–2020) was
created to identify hospitalization records with a primary diagnosis of myocarditis according to
the International Classification of Diseases and Related Health Problems, 10th Revision (ICD 10),
derived from the database of the national healthcare insurer. We identified 19,978 patients who were
hospitalized with suspected myocarditis for the first time, of whom 74% were male. The standardized
incidence rate of myocarditis ranged from 1.15 to 14 per 100,000 people depending on the age group
and was the highest in patients aged 16–20 years. The overall incidence increased with time. The
performance of the recommended diagnostic tests (in particular, endomyocardial biopsy) was low.
Relative five-year survival ranged from 0.99 to 0.56—worse in younger females and older males.
During a five-year follow-up, 6% of patients (3.7% and 6.9% in females and males, respectively) were
re-hospitalized for myocarditis. Surprisingly, females more frequently required hospitalization due
to heart failure/cardiomyopathy (10.5%) and atrial fibrillation (5%) than compared to males (7.3%
and 2.2%, respectively) in the five-year follow up. In the last ten years, the incidence of suspected
myocarditis increased, particularly in males. Survival rates for patients with myocarditis were worse
than in the general population. Management of myocarditis requires significant improvement.

Keywords: cardiomyopathy; children; endomyocardial biopsy; epidemiology; heart failure; mortality

1. Introduction

Myocarditis is a major cause of heart failure and sudden cardiac death, mainly in
children and young adults [1,2]. Myocarditis also constitutes a serious diagnostic and
therapeutic problem due to the absence of knowledge gained via systematic investigation.
Epidemiological data on the true incidence of myocarditis are lacking, and myocarditis is
probably significantly underdiagnosed. The majority of information on the epidemiology,
clinical characteristics and outcomes of myocarditis is derived from small single-centre
studies [3]. What is more, the published studies offer conflicting results because of the
wide variation in diagnostic criteria, hampering accurate estimations of the natural history
of myocarditis.

It is important to design multicentre registries for assessing the myocarditis burden
on a national or regional level, e.g., the Multicenter Lombardy Registry, which assessed the
characteristics, in-hospital management and long-term outcomes of patients with acute
myocarditis [4].
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Large-scale databases are of particular importance as they may provide relevant
information on population trends, demographics and outcomes for a given disease, in-
cluding the tendencies occurring over a relatively long study period. National data are
frequently published with regard to myocardial infarction or heart failure, but there are
only single studies on myocarditis. The inpatient database in the United States presented
an increasing incidence of hospitalizations due to myocarditis in the years 2007–2014, both
in men and women [5]. The Global Burden of Disease 2016 Study (GBD2016) showed a
9% increase in all-age deaths due to myocarditis over a ten year period [6]. GBD2016 also
highlighted that observed levels of years of life lost due to cardiomyopathy and myocardi-
tis were much higher than expected, particularly in Eastern and Central Europe [6]. The
recently published GBD 2019 showed that disability-adjusted life years and deaths due to
cardiomyopathy and myocarditis have significantly increased over the past 30 years [7].

The presented data indicate a pressing need for actual populational data on myocarditis.
Therefore, a nationwide MYO-PL (the occurrence, trends, management and outcomes

of patients with myocarditis in Poland) database combining information on all patients with
myocarditis was created. In the current study, we aimed to evaluate the incidence, clinical
characteristics and outcomes of patients with a hospital-based diagnosis of myocarditis in
the last ten years in Poland.

2. Materials and Methods

In this retrospective-prospective study, we used data from the National Health Fund
(NHF), which is the only public healthcare insurer in Poland. The NHF reimburses medica-
tion and healthcare services provided by healthcare providers (both public and private)
with public funds collected from health insurance premiums. In Poland, public health
insurance is obligatory for almost all Poles—in December 2019, 88.4% of approximately
38 million Poles had public health insurance and were entitled to obtain healthcare services
and medication reimbursed by the NHF. Previously, more data were published based on
the NHF database regarding the incidence of acute myocardial infarction [8].

Based on NHF claims data, we derived the healthcare services reported over the years
2009–2020 with a diagnosis of myocarditis—hospitalizations reported with codes I40, I40.0,
I40.1, I40.8, I40.9, I41, I41.0, I41.1, I41.2, I41.8, I51.4 and B33.2 according to the International
Classification of Diseases and Related Health Problems, 10th Revision (ICD-10). The
diagnostic criteria of myocarditis (based on international ICD-10 codes) were clinician-
dependent, reflecting routine clinical practice. No other specific inclusion-exclusion criteria
were applied, as this is a population database. It should be noted that the criteria for the
diagnosis of myocarditis (as well as access to advanced diagnostic procedures, i.e., cardiac
magnetic resonance (CMR) and endomyocardial biopsy) have changed over time, making
the diagnosis of myocarditis usually a diagnosis of exclusion. Myocarditis should be
confirmed by endomyocardial biopsy; however, this is performed only in selected centres
worldwide and still not in all patients.

We narrowed the dataset to newly diagnosed myocarditis (first hospitalization), i.e.,
we included patients for whom no information about the diagnosis of myocarditis was
reported in the 400 days preceding hospitalization. For such a group of patients and to
establish the baseline characteristics of the patients, data were analyzed 400 days back
from the initial diagnosis of myocarditis. Moreover, in-hospital and long-term outcomes
were analyzed, including all-cause mortality as well as the occurrence of selected diseases
(defined as receiving a service where the selected ICD-10 code was reported) and selected
procedures, defined with codes according to International Classification of Diseases, 9th
Revision, Clinical Modification (ICD-9-CM) (all ICD codes used in this analysis are pre-
sented in a supplementary Table S1). For the follow up, at least a six month period was
required. Thus, only patients with a diagnosis of myocarditis between January 2011 and
December 2019 were included in the analysis.

To show differences related to the age of patients hospitalized due to myocarditis, the
baseline characteristics and long-term outcomes were assessed with regard to age groups.
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No ethics approval was required for this study, as it involved the analysis of adminis-
trative data. The study complies with the Declaration of Helsinki.

In the study, data from the Central Statistical Office of Poland were also used to refer
the obtained results to the population of Poland and to obtain life tables for survival analysis.

Statistical Analysis

The results were presented as means (and standard deviations) or medians (and
quartiles) for continuous variables. Ordinal variables were presented as percentages.
Associations between study parameters were analyzed using a Pearson chi-square test
and a t-test. The observed survival rate was analyzed using the Kaplan–Meier estimates.
The relative survival rate (with 95% CIs) was calculated using the Hakulinen method
employing single age-specific, year-specific, and sex-specific life tables for the general
Polish population. A p-value less than 0.05 was considered significant. All tests were
two-tailed. Statistical analysis was carried out using R software, version 3.6.1.

3. Results

3.1. Study Population and Clinical Characteristics

During the study period (2011–2019), there were 19,978 patients hospitalized due to
myocarditis. The median age of the total cohort was 33 years (32 and 46 years in males
and females, respectively). The majority of the patients were male (74%, n = 14 870),
regardless of the age group (75.4% and 74.2% in patients aged ≤20 and >20 years (p = 0.14),
respectively).

The incidence of myocarditis was the highest in patients aged 16–20 years (up to
14/100000 in 2016) (Table 1). Two peaks in the overall incidence of myocarditis could
be distinguished—in children aged 0–5 years and then in young adults starting from
16–20 years and with a slow decrease from those aged 31–40 years (Figure 1). The overall
incidence increased over time, but was driven by a substantial increase in myocarditis
incidence in males (Figure 2). The proportion of males was higher in all age groups except
patients aged 71–80 and 81+ (Figure 1). In contrast, in females, a slight decrease in the
incidence rate was observed over time. Interestingly, the sex distribution of patients with
myocarditis was, nevertheless, age-dependent (Figure 1). The proportion of females to
males tended to increase with age and was the highest in the oldest age groups.

Most of the clinical characteristics differed between patients aged ≤20 and >20 years.
Chronic diseases, except for a history of asthma, were more common in the older group.
Diagnoses of otolaryngologic and ophthalmic or digestive infectious disease in the prior
6 months were observed more frequently in the younger group. Patients aged ≤20 years
were more likely to suffer from bradycardia or tachycardia/palpitations, while atrial
fibrillation and ventricular tachycardia were more common in those aged >20 years. Most
patients were hospitalized in general/cardiology or other hospital wards. On the other
hand, approximately 2% of patients required hospitalization in an intensive (cardiac)
care unit—more likely for patients ≤20 years than for the older group. Reported use of
diagnostic procedures, particularly CMR and endomyocardial biopsy, was very low. The
main clinical characteristics and management of patients with myocarditis are presented in
Table 2.
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Table 1. Incidence of patients with myocarditis by the number of 100,000 residents in Poland in a given age group in the
years 2011–2019.

Age Group
(Years)

Year
p Value a

2011 2012 2013 2014 2015 2016 2017 2018 2019

0–5 4.27 4.06 4.53 4.14 3.30 2.99 3.24 3.06 2.13 0.000
6–10 1.50 0.99 2.09 1.59 1.09 2.13 1.15 2.42 1.54 0.002
11–15 1.81 1.87 3.37 3.44 3.05 3.45 3.59 3.44 2.88 0.002
16–20 8.79 8.95 11.55 10.60 11.39 14.07 12.51 12.77 12.83 0.000
21–30 7.05 8.72 8.52 10.35 10.41 11.18 10.91 11.09 11.08 0.000
31–40 6.71 7.22 7.35 8.08 8.79 8.39 8.72 8.42 8.99 0.000
41–50 2.94 3.39 4.61 3.89 4.82 4.83 4.82 5.71 5.12 0.000
51–60 3.55 3.41 3.66 3.50 3.00 3.61 3.56 3.91 3.73 0.506
61–70 4.85 3.93 4.51 3.39 3.66 3.91 3.36 3.51 3.29 0.001
71–80 6.85 6.42 6.32 5.10 5.72 4.50 2.87 3.78 3.90 0.000
81+ 7.14 7.63 7.66 6.15 6.07 5.11 3.60 3.75 3.61 0.000

a A Chi-square test for the independence of the number of patients with myocarditis in a given age group by year.

Figure 1. Age and gender distribution of all patients hospitalized for myocarditis in Poland in years 2011–2019. Red—
females; blue—males.
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Figure 2. Age-standardized hospitalization rates for myocarditis of males and females by the number
of residents in Poland in the years 2011–2019.

Table 2. Clinical characteristics and performed diagnostic procedures in hospitalized patients with myocarditis.

Variable Total (n = 19,978)
Age ≤20 Years

(n = 3659)
Age >20 Years

(n = 16,319) p-Value *

Demographics
Males, n (%) 14870 (74.4) 2759 (75.4) 12111 (74.2) 0.14

Median Age (IQR)
- Total 33 (23–50) 17 (8–19) 37 (29–56) -

- Females 46 (27–66) 10 (1–16) 54 (36–70) -
- Males 32 (23–43) 17 (13–19) 35 (28–47) -

Management
Hospital ward, n (%)

- Cardiology unit 11305 (54.4) 1492 (38.4) 9813 (58.1) <0.0001

- General ward 5087 (24.5) 1817 (46.8) 3270 (19.4) <0.0001
- Intensive care unit 263 (1.3) 64 (1.6) 199 (1.2) 0.02

- Intensive cardiac care unit 152 (0.7) 32 (0.8) 120 (0.7) 0.52
- Other 3974 (19.1) 479 (12.3) 3495 (20.7) <0.0001

Diagnostic procedures, n (%)
- C-reactive protein ** 8332 (41.7) 1494 (40.8) 6838 (41.9) 0.24

- Brain natriuretic peptides ** 2754 (13.8) 475 (13.0) 2279 (14.0) 0.13
- Troponins ** 8254 (41.3) 1349 (36.9) 6905 (42.3) <0.0001
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Table 2. Cont.

Variable Total (n = 19,978)
Age ≤20 Years

(n = 3659)
Age >20 Years

(n = 16,319) p-Value *

- Echocardiography *** 16206 (81.1) 3188 (87.1) 13018 (79.8) <0.0001
- Cardiac Magnetic

Resonance *** 3284 (16.4) 563 (15.4) 2721 (16.7) 0.06

- Endomyocardial biopsy *** 142 (0.7) 12 (0.3) 130 (0.8) 0.003
- Endomyocardial biopsy or

heart catheterization *** 251 (1.3) 40 (1.1) 211 (1.3) 0.37

- Coronary angiography
(invasive or computed

tomography) ***
6172 (30.9) 270 (7.4) 5902 (36.2) <0.0001

Medical history (within up to last 400 days)
Cardiac Arrhythmias, n (%)

- Atrial Fibrillation 788 (3.9) 7 (0.2) 781 (4.8) <0.0001

- Tachycardia, palpitations 266 (1.3) 63 (1.7) 203 (1.2) 0.03
- Bradycardia 22 (0.1) 12 (0.3) 10 (0.1) <0.0001

- Atrial extra beat 20 (0.1) 6 (0.2) 14 (0.1) 0.29
- Ventricular extra beat 53 (0.3) 14 (0.4) 39 (0.2) 0.18

- Paroxysmal tachycardia 206 (1.0) 19 (0.5) 187 (1.1) 0.001
- Ventricular tachycardia 48 (0.2) 2 (0.1) 46 (0.3) 0.02
- Ventricular fibrillation 18 (0.1) 2 (0.1) 16 (0.1) 0.63

Chronic coronary syndrome,
n (%) 1105 (5.5) 3 (0.1) 1102 (6.8) <0.0001

Heart failure, n (%) 1173 (5.9) 19 (0.5) 1154 (7.1) <0.0001
Hypertension, n (%) 3440 (17.2) 53 (1.4) 3387 (20.8) <0.0001

Diabetes, n (%) 817 (4.1) 17 (0.5) 800 (4.9) <0.0001
Stroke or transient ischemic

attack, n (%) 279 (1.4) 1 (0) 278 (1.7) <0.0001

Chronic kidney disease, n (%) 210 (1.1) 2 (0.1) 208 (1.3) <0.0001
Asthma, n (%) 915 (4.6) 227 (6.2) 688 (4.2) <0.0001

Autoimmune disease, n (%) 267 (1.3) 28 (0.8) 239 (1.5) 0.001
Psychiatric diseases, n (%) 438 (2.2) 44 (1.2) 394 (2.4) <0.0001

Infectious disease within last
6 months, n (%)

Otolaryngologic and eye
6707 (33.6) 1548 (42.3) 5159 (31.6) <0.0001

Central nervous system 16 (0.1) 4 (0.1) 12 (0.1) 0.71
Respiratory 2867 (14.4) 503 (13.7) 2364 (14.5) 0.26
Digestive 947 (4.7) 200 (5.5) 747 (4.6) 0.02

Urogenital 149 (0.7) 30 (0.8) 119 (0.7) 0.64
Sepsis 73 (0.4) 14 (0.4) 59 (0.4) 0.97
Other 1152 (5.8) 211 (5.8) 941 (5.8) >0.999

* Comparison between patients aged ≤20 and >20 years old. ** within the index hospitalization. *** within last or proceeding 6 months
from diagnosis of myocarditis. IQR—interquartile range; n—number.
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3.2. Outcomes

A total of 494 (2.5%) patients died during the index hospitalization (28 (0.8%) and
466 (2.9%) in the groups aged ≤20 and >20 years, respectively). The observed five year
survival rate ranged from 0.98 in males aged 0–20 years to 0.26 in males older than 80 years.
The relative five-year survival rate, however, ranged from 0.987 to 0.56 in these age-sex
groups. Observed and relative survival rates in relation to sex and age are shown in Table 3
(five-year follow up) and Figure 3 (ten-year follow up). Relative survival was associated
with age and sex and was higher in younger male age groups than in younger female age
groups, while the rate was better in females than in males in older patients. A decline with
age and follow-up time in both observed and relative survival rates was observed. Relative
survival was substantially less affected by the patient’s age than observed survival.

Table 3. Observed and relative survival by sex and age.

Gender Survival
Age Group

0–20 21–40 41–60 61–80 81+

Observed survival

Males

1 year 0.990
(0.987–0.994)

0.989
(0.986–0.991)

0.934
(0.924–0.944)

0.802
(0.781–0.823)

0.663
(0.604–0.722)

3 year 0.985
(0.980–0.990)

0.984
(0.981–0.987)

0.911
(0.899–0.922)

0.697
(0.671–0.722)

0.419
(0.353–0.485)

5 year 0.980
(0.974–0.986)

0.979
(0.976–0.983)

0.881
(0.867–0.896)

0.589
(0.559–0.619)

0.256
(0.192–0.320)

Females

1 year 0.969
(0.958–0.980)

0.983
(0.976–0.990)

0.930
(0.915–0.944)

0.869
(0.850–0.888)

0.620
(0.575–0.666)

3 year 0.966
(0.954–0.978)

0.970
(0.960–0.980)

0.913
(0.896–0.929)

0.784
(0.761–0.808)

0.430
(0.382–0.478)

5 year 0.965
(0.952–0.977)

0.964
(0.952–0.975)

0.900
(0.882–0.918)

0.722
(0.695–0.750)

0.316
(0.268–0.364)

Relative survival

Males

1 year 0.994
(0.991–0.997)

0.992
(0.989–0.994)

0.946
(0.937–0.956)

0.845
(0.823–0.866)

0.764
(0.696–0.832)

3 year 0.990
(0.985–0.994)

0.99
(0.987–0.993)

0.941
(0.929–0.953)

0.800
(0.771–0.829)

0.648
(0.546–0.749)

5 year 0.987
(0.981–0.992)

0.989
(0.986–0.993)

0.933
(0.918–0.948)

0.750
(0.712–0.787)

0.560
(0.421–0.698)

Females

1 year 0.971
(0.960–0.982)

0.984
(0.977–0.991)

0.941
(0.927–0.955)

0.896
(0.878–0.915)

0.717
(0.665–0.768)

3 year 0.969
(0.957–0.980)

0.972
(0.963–0.982)

0.931
(0.915–0.947)

0.850
(0.824–0.875)

0.643
(0.572–0.714)

5 year 0.967
(0.955–0.979)

0.967
(0.956–0.978)

0.928
(0.910–0.946)

0.833
(0.802–0.864)

0.637
(0.542–0.733)

During a five-year follow-up, 6% of the study group (3.7% and 6.9% in females and
males, respectively) were readmitted to hospital due to myocarditis. Interestingly, females
required hospitalization due to heart failure/cardiomyopathy (10.5%) and atrial fibrillation
more frequently (5%) than men (7.3 and 2.2, respectively) in a five-year follow up.
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(a) (b) 

(c) (d) 

Figure 3. Observed (a,b) and relative (c,d) ten-year survival rates of patients hospitalized for myocarditis in relation to sex
and age.

4. Discussion

Myocarditis is an inflammatory heart disease caused by multiple infectious, non-
infectious factors and immune-mediated factors [1]. It presents a challenge in modern
cardiology because of the deficit of systematic knowledge of diagnostic and therapeutic
modalities. Diagnosis of myocarditis is very demanding and can be reported with multiple
ICD-10 codes (I40, I40.0, I40.1, I40.8, I40.9, I41, I41.0, I41.1, I41.2, I41.8, I51.4 and B33.2). The
published studies offer conflicting results because of the wide variation in diagnostic criteria
(i.e., biopsy proven or not; type of cellular infiltrations; underlying etiology; virus-positive
or virus-negative myocarditis; active or chronic inflammation). This was particularly
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emphasized during the severe acute respiratory syndrome coronavirus 2 pandemic, when
many papers with different definitions of myocarditis were published, showing a distorted
picture of the true scale of the disease [9,10]. Moreover, in recent years, no large-scale
analyses have been conducted, meaning that the current epidemiology of myocarditis
is unknown.

This nationwide study includes the unique data of all patients hospitalized with
clinician-dependent diagnosis of myocarditis in Poland in the last ten years. It provides
new and relevant information with regard to population trends, demographics and the
outcomes of patients with myocarditis met in routine clinical practice. This study is
particularly important as most of the demographic data for myocarditis derives from
small cohort studies hampering accurate estimations of the natural history of myocarditis.
During the ten year observation period, myocarditis occurred in patients of all ages with
clear predominance in patients aged 16–30 years (Table 1). The overall incidence ranged
from 1.15 to 14.07 per 100,000 residents with two peaks—in children aged 0–5 years and
then in young adults aged 16–30 years (Figure 1). The age distribution of female patients
with myocarditis was notably more stable when compared to male patients. Importantly,
we observed an overall increase in myocarditis incidence over time, mainly driven by a
substantial increase in myocarditis incidence in male patients (Figure 1).

Previously published data presented similar results that myocarditis was significantly
more common in male (approximately 73%) than in female patients [11]. What is more,
male patients with myocarditis were noticeably younger than female patients (mean age
approximately 34 vs. 49 years, respectively) [11]. Our study showed that the vast majority
of patients with myocarditis were male for both children and adults (approximately 74% in
both groups aged ≤20 and >20 years). What is more, at the moment of diagnosis, males
were several years younger than females (32 vs. 46 years, respectively). Previous studies
demonstrated that the incidence of myocarditis was even higher than in our database
(1.8–18 per 100,000) [12,13]. There are still no reliable explanations for the increasing
incidence of myocarditis. Perhaps it is associated with greater accessibility, mainly to non-
invasive tests, such as echocardiography and CMR, or greater awareness of myocarditis.
On the other hand, the increased incidence might be related to the greater number of
infectious, non-infectious and immune-mediated factors causing myocarditis. To address
this question, etiological and pathological analyses should be performed in adequately
designed clinical trials.

According to the current criteria of the European Society of Cardiology (ESC), my-
ocarditis should be suspected based on the clinical picture and additional tests (ECG,
echocardiography, CMR, troponins) [1]. The diagnosis should be confirmed by endomy-
ocardial biopsy (diagnostic gold standard), but this procedure is infrequently used. Our
study showed that the application of ESC criteria for the diagnosis of myocarditis in clini-
cal practice is rare. Non-invasive tests were performed infrequently (troponins—41.3%;
echocardiography—81.1%; CMR—16.4%). Ischemic etiology was verified only in 30.9%
of patients—significantly more frequently in patients aged >20 years—which was un-
derstandable. Endomyocardial biopsy was reported only for a marginal proportion of
patients (0.3% vs. 0.8% in patients aged ≤20 and >20 years, respectively). The Nationwide
US Inpatient Database (1998–2013) identified 22,299 hospitalization records with a diag-
nosis of myocarditis and of those, only 798 patients (3.6%) underwent endomyocardial
biopsy [12]. What is more, the use of this procedure has been reported as significantly
decreasing over time, despite a significant upward trend in the total number of patients
with myocarditis [12]. The current ESC recommendations were published in 2013; however,
the performance of the recommended diagnostic tests in the observed time period was
very low. In particular, the use of endomyocardial biopsy seems to be insufficient. Nowa-
days, endomyocardial biopsy with current histologic, immunohistochemical and molecular
methods provides a diagnosis of certainty in clinically suspected myocarditis and improves
differential diagnosis in idiopathic cardiomyopathy or cardiac arrhythmias. It also allows
clinicians to establish adequate treatment and monitor the therapy. This indicates that the

28



J. Clin. Med. 2021, 10, 4672

diagnosis of myocarditis with the use of non-invasive and invasive procedures requires
significant improvement.

Myocarditis has been shown in post-mortem studies to be a major cause (up to 42% of
cases) of sudden and unexpected death in children and young adults [14,15]. In contrast,
a recently published study on autopsies reported that 6% of 14,294 sudden deaths were
assigned as being caused by myocarditis [16]. These differences are likely explained by
the heterogenicity of the study populations and differences in sudden death, as well as
myocarditis definitions and classifications.

Comparison of our database with the Multicenter Lombardy Registry of patients
(n = 684) with acute myocarditis, diagnosed either by endomyocardial biopsy or increased
troponin plus oedema and late gadolinium enhancement in CMR, shows similar results in
the mortality during index hospitalization—2.5 and 3.2%, respectively [4]. Despite the fact
that the cited study included patients with fulminant myocarditis (associated with worse
prognosis), the difference in hospital mortality is small. This difference may be the result of
different inclusion criteria (e.g., exclusion of patients older than 70 years and older than
50 years of age without coronary angiography) and diagnostic procedures, on the basis
of which the diagnosis of acute myocarditis was made. Interestingly, a different study on
clinically diagnosed acute myocarditis performed on a smaller cohort (n = 322), reported no
deaths [17]. This may be due to the relatively high left ventricular ejection fraction (LVEF)
in the study cohort. The mean LVEF at presentation was 54 ± 9%. Another prospective
study conducted on patients with clinically diagnosed myocarditis (n = 187) investigated
mortality in the group of fulminant myocarditis (18.2%) vs. non-fulminant myocarditis
patients (0%) [18].

In patients with biopsy-proven myocarditis in long-term observation (the median
follow up of 4.7 years), all-cause mortality was 19.2%, while sudden death occurred in 9.9%
of cases [19]. Worse outcomes were reported in patients with symptomatic heart failure,
reduced LVEF, presence of late contrast enhancement in CMR, malignant ventricular
arrhythmias and/or confirmed viral infection in endomyocardial biopsy [20]. In our
study, patients with myocarditis had worse survival rates in all age groups than their
counterparts in the general population. Our study included a broad spectrum of clinical
presentations of myocarditis; therefore, the presented survival rate comprised an average
of patients with mild to severe clinical status. The older the age group, the worse the
prognosis in comparison to the sex-age-matched general population, although the relative
five year survival rate differed in terms of age and sex: In younger age groups, it was
better in male patients, while in older age groups female patients had higher survival
rates than male patients. It was previously shown that the male sex was associated with
a worse course of myocarditis [21]. In the post-mortem study, it was also reported that
male patients had a significantly higher risk of sudden death related to myocarditis when
compared to female patients [16]. On the other hand, there exists a study showing no sex
difference in the rate of major adverse cardiovascular events (MACE) defined as composite
of occurrence of congestive heart failure, non-sustained ventricular tachycardia and/or
sustained ventricular tachycardia [22]. The vast majority of MACE patients reported in this
study had either non-sustained or sustained ventricular tachycardia, and there were no
deaths. The exact reason for the mentioned sex differences in the incidence of myocarditis
and associated outcomes is unknown.

The survival of patients with myocarditis might be influenced by disease-specific
treatment (there is available data about certain effective forms of immunosuppression for
biopsy-proven myocarditis) [1,23,24]. Spontaneous or treatment-induced improvement of
left ventricular function was observed within a few months of the disease onset in 40–50%
to 90% of patients, respectively [3,25]. However, no therapy can yet be approved because of
the lack of adequately conducted clinical trials. Data obtained from nationwide databases
clearly demonstrate that myocarditis constitutes an emerging challenge for healthcare
systems and decisive steps need to be taken to stimulate research in the field.
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Limitations

The inclusion of real-life patients allowing for population analyses is an important
advantage of this nationwide database; however, it has several limitations that have to be
acknowledged. First, in terms of baseline clinical characteristics, the data were limited to
400 days prior to inclusion in the study; therefore, it might be incomplete. Second, errors in
ICD-9 and ICD-10 coding and documentation misclassification bias cannot be excluded.
Moreover, it is possible that not all diagnoses and procedures may have been reported.
There was also an absence of detailed clinical and laboratory data because of the nature of
the database. Third, as mentioned above, true myocarditis should be confirmed based on
endomyocardial biopsy. However, in the vast majority of cases, it was clinically suspected
myocarditis with infrequent use of CMR.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10204672/s1. Table S1: all ICD codes used in this analysis.
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Abstract: A febrile state may provoke a Brugada electrocardiogram (ECG) pattern and trigger
ventricular tachyarrhythmias in susceptible individuals. However, the prognostic value of fever-
induced Brugada ECG pattern remains unclear. We analyzed the clinical and extended long-term
follow-up data of consecutive febrile patients with a type 1 Brugada ECG presented to the emergency
department. A total of 21 individuals (18 males; mean age, 43.7 ± 18.6 years at diagnosis) were
divided into symptomatic (resuscitated cardiac arrest in one, syncope in two) and asymptomatic
(18, 86%) groups. Sustained polymorphic ventricular tachycardias were inducible in two patients
with previous syncope. All 18 asymptomatic patients had no spontaneous type 1 Brugada ECG
recorded at second intercostal space and no family history of sudden death. Among asymptomatic
individuals, 4 had a total 12 of repeated non-arrhythmogenic febrile episodes all with recurrent type
1 Brugada ECGs, and none had a ventricular arrhythmic event during 116 ± 19 months of follow-up.
In the symptomatic group, two had defibrillator shocks for a new arrhythmic event at 31- and
49 months follow-up, respectively, and one without defibrillator therapy died suddenly at 8 months
follow-up. A previous history of aborted sudden death or syncope was significantly associated with
adverse outcomes in symptomatic compared with asymptomatic individuals (log-rank p < 0.0001).
In conclusion, clinical presentation or history of syncope is the most important parameter in the risk
stratification of febrile patients with type 1 Brugada ECG. Asymptomatic individuals with a negative
family history of sudden death and without spontaneous type 1 Brugada ECG, have an exceptionally
low future risk of arrhythmic events. Careful follow-up with timely and aggressive control of fever is
an appropriate management option.

Keywords: Brugada syndrome; electrocardiogram; fever; genetic disorder; sudden cardiac death;
ventricular arrhythmia

1. Introduction

Brugada syndrome is a distinct arrhythmogenic genetic disorder characterized by an
ECG pattern of coved-type ST-segment elevation in the right precordial leads (V1–V3) at an
increased propensity for ventricular fibrillation and the risk of sudden cardiac death [1].
Several non-genetic factors or conditions have been reported to induce Brugada ECG
pattern or instead to unmask the concealed form of Brugada syndrome [2–8]. The most
frequent finding associated with the Brugada ECG pattern is fever. A febrile state may
provoke a Brugada ECG pattern and trigger ventricular tachyarrhythmias in susceptible
individuals. However, the prognostic value of Brugada ECG pattern changes observed
only during febrile illness remains unclear. Conflicting study results on this association

J. Clin. Med. 2021, 10, 4997. https://doi.org/10.3390/jcm10214997 https://www.mdpi.com/journal/jcm32



J. Clin. Med. 2021, 10, 4997

make it uncertain whether fever-induced Brugada ECG pattern bears any relation to the
risk of sudden cardiac death. Junttila et al. [4] reported that in most febrile cases with a
typical Brugada ECG pattern, sudden cardiac death or malignant arrhythmias developed
shortly after the onset of fever regardless of the existence of a predisposing genetic base. In
contrast, Adler et al. [8] demonstrated that none of the eight patients presenting with a fever-
induced Brugada ECG pattern had arrhythmic events during a 30 ± 13-month follow-up
period without antiarrhythmic therapy. Additionally, risk stratification and management
of asymptomatic febrile patients with Brugada ECG patterns remain controversial. Some
investigators have suggested that patients presenting with a Brugada ECG pattern are at
considerably higher risk of sudden cardiac death and that Brugada ECG pattern should be
considered a medical emergency [4,7]. However, opponents of this view argue that fever
may cause a transient Brugada ECG pattern in susceptible patients who do not have the
genetically defined syndrome [2]. Previous studies have demonstrated that asymptomatic
individuals, and in particular individuals with only transient ECG abnormalities, are
at low risk of sudden cardiac death [9,10]. Therefore, the purpose of this study was to
define the clinical relevance and evaluate the risk of ventricular arrhythmias associated
with fever-induced Brugada ECG pattern in different clinical situations, and to present
extended long-term follow-up data on clinical outcomes in the largest ever reported series
of consecutive individuals with fever-induced Brugada ECG pattern.

2. Methods

2.1. Study Population

Consecutive patients admitted to a tertiary university hospital emergency department
between May 2009 and May 2014 were screened by weekly review of ECG recordings
and all consecutive febrile patients (defined as body temperature >38 ◦C by tympanic
thermometer probe) with a type 1 Brugada ECG pattern characterized by a right bun-
dle branch block and a high take-off >2 mm coved ST-segment elevation, followed by
a negative T wave in at least 2 right precordial leads (V1–V3) according to the Second
Brugada Consensus Conference criteria [3] were included as the analytic sample. Patients
with only type 2 or 3 Brugada ECG of lesser degrees or different contours of ST-segment
elevation (“saddleback” rather than “coved”) were excluded because these findings are not
diagnostic and often interpreted inconsistently. All available ECGs of the included patients
were independently analyzed by two electrophysiologists (CF Tsai and YT Chuang) and
reevaluated after their fevers had subsided. Normalization of Brugada pattern on ECG
after resolution of fever confirms the diagnosis of fever-induced Brugada ECG pattern
(Figure 1). Patients with a persistent type 1 Brugada ECG after the fever subsided were
excluded. In addition, patients with other conditions previously reported to cause similar
ECG abnormalities, such as atypical right bundle branch block, acute pericarditis, dissect-
ing aortic aneurysm, electrolyte abnormalities, or mechanical compression of the right
ventricular outflow tract, were also excluded [3].

2.2. Study Design and Ethical Considerations

In this prospective cohort study, included patients were categorized into two groups:
a symptomatic group that included patients with a history of cardiac arrest or syncope of
suspected arrhythmia etiology, and an asymptomatic group that included patients without
a personal history of sudden cardiac death or syncope. The human research committee
of the study hospital approved the study protocol. All included patients provided signed
informed consent to participate in the study.

2.3. Clinical Follow-Up

All patients diagnosed with fever-induced Brugada ECG pattern were prospectively
evaluated and followed, at least once, in our institution’s arrhythmic clinic after they were
discharged directly from the emergency department or from their hospitalization for the
index febrile illness.
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Figure 1. Fever-induced Brugada electrocardiography (ECG) pattern. A 45-year-old man was admitted with diarrhea and
abdominal cramps for 2 days. He was febrile (temperature, 40 ◦C) with tachycardia (pulse, 127 beats/min): (A) ECG on
admission revealed a right bundle-branch block with coved ST-segment elevation in V1–V2 followed by a negative T wave;
(B) repeated ECG after fever resolved showed normalization of the ST-segment elevation, as well as disappearance of the
right bundle-branch block.

Demographic and clinical data of interest were (1) age, (2) gender, (3) presenting
symptoms, (4) febrile illness diagnosis, (5) family history of sudden cardiac death, and (6)
history of syncope or other arrhythmic symptoms (e.g., severe palpitation, etc.). Routine
examinations, including at least echocardiography, excluded any underlying structural
heart disease, and laboratory tests excluded acute ischemia and metabolic or electrolyte
abnormalities. All patients underwent ECG recordings during the afebrile state at standard
lead locations and the high lead position with right precordial leads (V1–2) placed at the
second intercostal space to check for the presence of spontaneous type 1 Brugada ECG [3].
All patients were advised to undergo treadmill exercise testing and 24 h Holter monitoring
for arrhythmia evaluation. Genetic testing for mutation analysis of the SCN5A gene was
also suggested to all included patients. Drug challenge tests and invasive electrophys-
iological studies were recommended for individuals with positive family or syncopal
history, or a spontaneous type 1 Brugada ECG, which may indicate the possible diagnosis
of Brugada syndrome. Propafenone or flecainide was used for the class I antiarrhythmic
drug challenge [3,11]. The programmed electrical stimulation protocol included a maxi-
mum of 3 ventricular extra-stimuli delivered from two ventricular sites (right ventricular
apex and outflow tract), with the endpoint being the inducibility of sustained ventricular
tachyarrhythmias causing syncope or requiring emergency intervention. An implantable
cardioverter-defibrillator (ICD) was strongly recommended for individuals with a history
of cardiac arrest and those with inducible ventricular arrhythmias.

Asymptomatic patients with a negative syncope workup or family history of sudden
cardiac death were asked to seek a routine cardiac evaluation once annually; if unavail-
able, all patients were then contacted by phone or letter to determine the status of their
arrhythmic symptoms and whether the patient was still alive. All patients were strongly
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recommended to avoid certain medications responsible for Brugada ECG pattern changes
and to receive urgent treatment (e.g., oral paracetamol or a cold compress) for alleviating
fever. During the follow-up period, patients were considered to have an arrhythmic event
if sudden cardiac death occurred, or when appropriate, ICD shocks or sustained ventricular
tachyarrhythmias were documented.

2.4. Statistical Analysis

Paired and unpaired data and survival curve data were analyzed using the SPSS
software package (SPSS, Chicago, IL, USA). The time to the first arrhythmic event was
depicted with the Kaplan–Meier estimate of the survival function. The difference between
the survival curves was tested by the log-rank statistics. Continuous variables are presented
as means ± SDs and compared using an unpaired t test or Mann–Whitney U test, depending
on data distribution. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Clinical Characteristics of Patient Population

A total of 24 consecutive febrile patients with a type 1 Brugada ECG pattern presented
to the emergency department during the study period. Three patients aged 73 ± 4 years
were excluded, including one male with gastric cancer with liver metastasis, one male
with multiple hepatocellular carcinomas, and one female with pulmonary tuberculosis
who experienced in-hospital mortality due to hepatic failure in one and severe sepsis in
two, respectively. The study patient population consisted of 21 patients (18 males) with
a mean age of 43.7 ± 18.6 years at diagnosis (median, 42 years; range, 21 to 83 years).
Mean temperature at the time of the type 1 Brugada ECG recording was 38.9 ± 0.8 ◦C
(range, 38–41 ◦C) with a mean heart rate of 108 ± 17 beats/min (range, 80–157 beats/min)
and a white blood count of 13,080 ± 4885 cells/mm3 (range, 5540–21,440 cells/mm3)
at presentation.

Of the 21 patients with fever-induced Brugada ECG pattern, 19 (90%) presented with
symptoms related to fever or an underlying febrile illness, including infectious diseases
in 16 patients (3 pneumonia, 3 acute appendicitis, 2 upper respiratory infection, 2 biliary
tract infection, 2 urinary tract infection, 1 liver abscess, 1 influenza, 1 infectious diarrhea,
1 infectious colitis), heatstroke in 1 patient, phenytoin-induced Stevens–Johnson disease
in 1, and carbon monoxide intoxication in 1 patient (Figure 2). All fever-induced Brugada
ECG patterns were incidental findings. Two patients were suspected of having acute coro-
nary syndrome based on an ECG finding of right precordial leads ST-segment elevation;
none underwent emergent coronary arteriography because of the absence of any cardiac
symptoms and a normal cardiac enzymes level. However, none of the presented ECG
cases was identified as type 1 Brugada ECG pattern at the emergency department. Most
patients (15 of 19, 79%) were admitted to the medicine or surgery departments to treat
their underlying febrile diseases. One patient (male aged 29 years) with the diagnosis
of phenytoin-induced Stevens–Johnson disease reported one syncope event leading to a
traffic accident and head injury one month prior to admission. He also had a spontaneous
type 1 Brugada ECG pattern while afebrile previously. A propafenone drug challenge
failed to induce any significant ECG changes. Sustained polymorphic ventricular tachy-
cardia was induced from the right ventricular apex with up to triple extra-stimuli, and an
ICD was implanted subsequently under the impression of Brugada syndrome during his
index hospitalization. The remaining 18 patients underwent outpatient follow-up in the
arrhythmic clinic, and no previous arrhythmias or episodes of syncope or sudden cardiac
death were noted in their clinical and familial history. No patients showed up with type
1 Brugada ECG pattern during the afebrile state, and only two patients demonstrated a type
3 Brugada ECG pattern when ECGs were recorded at the high (second) right intercostal
space. The results of echocardiography in all and ambulatory Holter monitoring in six
patients were unremarkable. All 18 patients refused to undergo an antiarrhythmic drug
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challenge test or invasive electrophysiologic study, or genetic testing to look for known
mutations implicated in Brugada syndrome.

One patient (male aged 79 years) presented with syncope and another patient (male
aged 57 years) experienced an episode of ventricular fibrillation and aborted cardiac
arrest at presentation to the emergency department. Given their acute cardiac symptoms
with new ST-segment elevation, the initial evaluation of these patients was focused on
acute pulmonary embolism, aortic dissection, and acute coronary syndrome (Figure 3).
Both patients had a normal chest computed tomography study and emergent cardiac
catheterization, which revealed normal coronaries and left ventricular systolic function. No
family or personal history of syncope or sudden death was found in either patient. In the
79-year-old syncopal patient, the Brugada ECG pattern resolved with defervescence and
re-emerged during the propafenone provocation test, and the electrophysiologic testing
with standard programmed ventricular stimulation techniques was positive for arrhythmia
induction. Although this patient was offered defibrillator implantation, he opted for
conservative management. The other patient fulfilled the diagnostic criteria of Brugada
syndrome and subsequently received ICD placement during his index hospitalization.

The characteristics of patients between the symptomatic group (with a history of syn-
cope or sudden cardiac death, n = 3) and the asymptomatic group (n = 18) are summarized
in Table 1. The age at presentation, body temperature, laboratory data (including WBC,
CRP, Na/K) were not significantly different between the symptomatic and asymptomatic
groups (p > 0.05).

Figure 2. Fever-induced Brugada ECG pattern in different clinical situations. Typical Brugada ECG pattern during the
febrile state is evident in different conditions: (A) acute tonsilitis in a 25-year-old man (temperature, 39 ◦C); (B) heatstroke in
a 24-year-old man (temperature, 41 ◦C); (C) phenytoin-induced Stevens–Johnson disease in a 29-year-old man (temperature,
39.4 ◦C); (D) carbon monoxide intoxication in a 25-year-old female patient (temperature, 38 ◦C).
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Figure 3. Fever-induced Brugada ECG pattern masquerading as acute coronary syndrome. ECG demonstrated prominent
ST-segment elevations in leads V1-3 mimicking anterior wall ST-elevation myocardial infarction in (A) a 79-year-old man
admitted due to syncope on the roadside and (B) a 57-year-old man with out-of-hospital cardiac arrest after resuscitation
and recovery of spontaneous circulation.

Table 1. Characteristics of patients between the two groups.

Characteristics Asymptomatic (n = 18) Symptomatic (n = 3) p

Gender M (15)/F (3) M (3)
Age at diagnosis (yr) 42 ± 18 55 ± 25 0.26

Temperature (◦C) 38.8 ± 0.8 39.1 ± 0.6 0.54
WBC (cells/mm3) 12,908 ± 5046 14,113 ± 4503 0.70

C-reactive protein (mg/dL) 8.9 ± 8.4 13.5 ± 6.6 0.38
Sodium (mmol/L) 136 ± 3 137 ± 2 0.80

Potassium (mmol/L) 3.8 ± 0.4 3.7 ± 0.8 0.19

Cardiac symptoms None Cardiac arrest (1)
syncope (2)

Programmed ventricular
stimulation NA (0/18) Polymorphic VT (2/2)

ICD therapy None Two
Values are presented as mean ± SD. ICD = implantable cardioverter-defibrillator; NA = not available;
VT = ventricular tachycardia; WBC = white blood count.

3.2. Effect of Fever on ECG Parameters

ECGs during fever and in the afebrile state were available for analysis in all 21 patients.
ECG parameters were measured and compared between the symptomatic group (with a
history of syncope or sudden cardiac death, n = 3) and the asymptomatic group (n = 18)
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(Table 2). During fever, the heart rate was significantly higher than that at afebrile status
in the asymptomatic group (108 ± 20 beats/min vs. 77 ± 7 beats/min; p < 0.001) and in
the symptomatic group (105 ± 1 beats/min vs. 74 ± 4 beats/min; p < 0.001), while the PR
interval was significantly shorter than that at afebrile status in the asymptomatic group
(159 ± 27 ms vs. 180 ± 21 ms; p < 0.05) and in the symptomatic group (149 ± 6 ms vs.
165 ± 13 ms; p < 0.05). However, the increase in heart rate and the decrease in PR interval
during fever were not significantly different between the symptomatic and asymptomatic
groups (p > 0.05). QRS duration during fever was not significantly different from that at
afebrile status in both the asymptomatic group (102 ± 11 ms vs. 97 ± 8 ms; p = 0.09) and the
symptomatic group (107 ± 14 ms vs. 90 ± 8 ms; p = 0.14). The corrected QT interval during
fever was not significantly different from that at afebrile status in both the asymptomatic
group (431 ± 42 ms vs. 436 ± 40 ms; p = 0.74) and the symptomatic group (453 ± 29 ms
vs. 426 ± 24 ms; p = 0.29). Changes in QRS duration and corrected QT intervals during
fever were not significantly different between the symptomatic and asymptomatic groups
(p > 0.05).

Table 2. ECG parameters during fever and in the afebrile state between the two groups.

Variable Asymptomatic (n = 18) Symptomatic (n = 3) p

HR febrile 108 ± 20 105 ± 1 0.77
HR afebrile 77 ± 7 74 ± 4 0.41

Δ HR 31 ± 17 31 ± 3 0.99
PR febrile 159 ± 27 149 ± 6 0.52
PR afebrile 180 ± 21 165 ± 13 0.27

Δ PR −20 ± 23 −18 ± 9 0.87
QRSd febrile 102 ± 11 107 ± 14 0.54

QRSd afebrile 97 ± 8 90 ± 8 0.21
Δ QRSd 5.8 ± 13 17 ± 14 0.18

QTc febrile 431 ± 42 453 ± 29 0.40
QTc afebrile 436 ± 40 426 ± 24 0.70

Δ QTc −4.6 ± 44.86 26.3 ± 12.7 0.26
Values are presented as mean ± SD. HR = heart rate (beats/min); PR = PR interval (msec); QRSd = QRS duration
or width (msec); QTc = corrected QT interval (msec); Δ = the difference of parameters between febrile and
afebrile state.

3.3. Follow-Up Data
Recurrence and Reversibility of Fever-Induced Brugada ECG Pattern

Four patients had a recurrence of type 1 Brugada ECG morphology with repeated
febrile episodes (recurrence once in 1, twice in 2, three times in 1). All Brugada ECG pattern
anomalies were evident as long as fever was present and vanished once the temperature
returned to normal (Figure 4). Neither the etiology nor the height of the fever was able to
predict the recurrence and the configuration of the Brugada pattern in these recurrent febrile
episodes. The Brugada ECG pattern was not arrhythmogenic in any episode. These patients
opted not to pursue any further testing but to return for follow-up of their abnormal ECG
findings on an outpatient basis. Given the absence of cardiac symptoms at the recurrent
episodes and resolution of the Brugada ECG pattern after the fever subsided, patients
were discharged and advised to remember that timely and aggressive control of fever
is imperative.

38



J. Clin. Med. 2021, 10, 4997

Figure 4. Recurrence of fever-induced Brugada ECG pattern. Admission ECGs displaying recurrences
of coved-type ST-segment elevation accompanying repeated febrile episodes in (A) an 83-year-old
man on 1 October 2013: Klebsiella pneumoniae sepsis (temperature, 39.8 ◦C); on 25 October 2016: upper
respiratory tract infection (temperature, 39.2 ◦C); on 22 November 2020: pneumonia (temperature,
38.5 ◦C); (B) a 21-year-old man on 1 February 2014: infectious diarrhea (temperature, 38.3 ◦C) and on
23 January 2020: infectious diarrhea (temperature, 38.7 ◦C).

3.4. Long-Term Outcomes

The mean follow-up period for the entire study population was 116 ± 19 months
(range, 84–144 months). During the follow-up period, only one patient with prior cardiac
arrest experienced one-time ICD shock for ventricular fibrillation in the afebrile state at
a 49-month follow-up. In two patients identified after syncope, one had documented
recurrent ventricular tachyarrhythmias requiring ICD interventions (3 events at a 105-
month follow-up) and the patient without ICD therapy died unexpectedly at an 8-month
follow-up. Among all 18 asymptomatic individuals followed without antiarrhythmic
therapy, none had a ventricular arrhythmic event. Differences in outcomes (free of sudden
death or ventricular fibrillation events) between the two groups are shown in Figure 5. In
the presence of low statistical power because of the limited number of events, having a
previous history of aborted sudden cardiac death or syncope was significantly associated
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with adverse outcomes in symptomatic compared with asymptomatic individuals (log-rank
p < 0.0001).

Figure 5. Cumulative survival curves during the follow-up period. Kaplan–Meier analysis of arrhythmic events (sudden
cardiac death or documented ventricular fibrillation) during the follow-up depending on clinical presentation with symp-
tomatic (aborted sudden cardiac death or syncope of suspected arrhythmic origin) or asymptomatic individuals when a
fever-induced Brugada ECG pattern was identified. The difference between the two groups was statistically significant
(log-rank p < 0.0001).

4. Discussion

This single-center prospective study demonstrated the outcomes of a cohort of 21 con-
secutive patients with fever-induced Brugada ECG pattern and, which, to the best of
our knowledge, features the longest follow-up to date (median 10-year follow-up; range,
84–144 months). Prospective data were evaluated, reporting the “true” outcomes of fever-
induced Brugada ECG pattern in febrile subjects. Results of the present study suggest
that the incidental finding of type 1 Brugada ECG in otherwise healthy individuals is
seldom recognized by emergency or general physicians. Among subjects with cardiac
symptoms, prominent ST elevation at right precordial leads is easily misdiagnosed as
an acute coronary syndrome. Our results suggest that clinical presentation or history of
aborted cardiac death or syncope is the most important parameter in the risk stratification
of febrile patients with type 1 Brugada ECG. In the present study, asymptomatic patients
without a family history of sudden death appeared to have a good prognosis. Additionally,
the recurrence and reversibility of type 1 Brugada ECG pattern associated with repeated
febrile episodes confirm the critical role of fever in uncovering this ECG phenomenon in
susceptible individuals. However, the non-arrhythmogenic nature of the ECG phenotype
was maintained over time in asymptomatic patients without a history of syncope or sudden
cardiac death.

4.1. Recognition of Type 1 Brugada ECG Pattern in Febrile Subjects

Brugada syndrome is a distinct arrhythmogenic disorder widely recognized as an
important cause of sudden death in the young and is diagnosed when a patient has a
characteristic Brugada type ECG consisting of a coved-type ST elevation in the leads
V1-3 and documented ventricular tachyarrhythmias or history consistent with ventricular
tachyarrhythmias, such as syncope or sudden cardiac death. Therefore, diagnosis of
Brugada syndrome is based mainly on the recognition of a putative Brugada pattern on an
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individual’s ECG. The Brugada pattern, on the other hand, can be unmasked by fever and
resolve after fever subsides [2–4,7,8]. However, over the past few decades, in the emergency
and general internal medicine literature, studies on recognition of fever-induced Brugada
ECG patterns have been very limited [12–18]. We confirmed that this peculiar ECG pattern
is left unrecognized in patients without cardiovascular symptoms by emergency and
internal medicine physicians and surgeons. Instead, the prominent ST elevation in the
Brugada ECG pattern may mimic ST-segment elevation myocardial infarction, posting
a clinical challenge to emergency and general physicians. This report highlights the
importance of recognizing the characteristic Brugada ECG pattern and considering it to be
a diagnostic clue for Brugada syndrome. Fever is a common clinical problem and may act
as a precipitant for increased susceptibility to potentially fatal ventricular arrhythmias in
Brugada syndrome [3,4,7,12]. Therefore, if the Brugada ECG pattern is identified in febrile
patients, a detailed patient and family history of syncope or sudden cardiac death is deemed
necessary for risk assessment. In the present study, fever-induced Brugada ECG pattern
in individuals without clinical or ECG indications of the genetic Brugada abnormality
appears to be a relatively benign condition. Among 18 asymptomatic patients, none had a
spontaneous type 1 Brugada ECG in the baseline afebrile state and all of them were free
of any arrhythmic events at a median follow-up of 116 months. If someone presents with
arrhythmic events or syncope during fever, the Brugada syndrome should be considered as
a possible diagnosis. Physicians should diagnose syncopal patients with fever cautiously,
and repetitive ECG recordings at the higher intercostal spaces may be helpful for enabling
a diagnosis [19]. Recording ECGs at higher right intercostal spaces increases the sensitivity
of Brugada ECG pattern detection [3,20]. Similar to a prior study [21], only ~10% of subjects
in the present study demonstrated a non-diagnostic type 3 Brugada ECG pattern when
ECGs were recorded at high right intercostal spaces in the baseline afebrile state.

4.2. Comparison with Previous Studies

The independent clinical significance of the fever-induced Brugada ECG pattern
remains unknown. In asymptomatic febrile subjects with a Brugada ECG pattern, the risk
of serious arrhythmic events is not well defined. Consistent with the results of an Italian
community-based study [22], the risk of future arrhythmic events in asymptomatic febrile
individuals without a history of syncope or cardiac arrest is very low, most likely similar
to that in the general population. Programmed electrical stimulation seems valuable
in patients with a previous syncope. In the present study, two febrile patients with a
Brugada ECG pattern and a personal history of syncope were found to have inducible
ventricular fibrillation on programmed ventricular stimulation and also experienced a first
arrhythmic event at 8- and 31-month follow-up. These results reinforce the notion that
clinical presentation is the most important parameter in the risk stratification of febrile
patients with a Brugada ECG pattern.

Several studies have demonstrated that fever unmasks or promotes the characteristic
Brugada ECG pattern and precipitates ventricular arrhythmias. Junttila et al. [4] reported
that in most febrile cases in their series with a typical Brugada ECG pattern, sudden cardiac
death or malignant arrhythmias developed shortly after the onset of fever regardless of the
existence of a predisposing genetic base. In that study, among the 16 patients with fever-
induced type 1 Brugada ECGs, 10 had a history of cardiac arrest or syncope. Additionally,
Amin et al. [7] demonstrated that fever precipitated malignant arrhythmias in 18% of
patients presenting with cardiac arrest in symptomatic Brugada syndrome. However, in
both of these studies, the cardiac arrest occurred mostly at the time of fever presentation,
not during the follow-up period. This selection bias may overestimate the long-term
arrhythmic risks for febrile patients with an incidental finding of the Brugada ECG pattern.
In a large cohort of patients with documented Brugada syndrome, Michowitz et al. [23]
showed that ~6% of arrhythmic events were associated with fever and, among these
fever-related events, 83% occurred in Caucasian males and 80% presented with aborted
cardiac death. A syncopal history and spontaneous type 1 Brugada ECG were noted
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in 40% and 71%, respectively, of patients with fever-related arrhythmic events. That
international multicenter study also confirmed that the involvement of Asians in fever-
related arrhythmic events was extremely rare, especially in children. The previous studies
described above concluded that patients with Brugada syndrome who develop a fever-
induced type 1 ECG are at risk of arrhythmic events. However, in the present study,
asymptomatic patients without syncope history or spontaneous type 1 Brugada ECG
or family history of sudden cardiac death seldom conform to the diagnosis of Brugada
syndrome. The fever-induced Brugada ECG pattern in asymptomatic individuals may be
regarded as merely an ECG variant.

A prevalence of 2–4% of fever-induced Brugada ECG patterns in febrile patients
referred to the emergency department was reported in two studies, although it was not
assessed in this study. Adler et al. [8] reported 8 consecutive patients with fever-induced
Brugada ECG patterns who were asymptomatic and remained free of arrhythmic events
during 30 months of follow-up. Another study from an endemic area of Brugada syndrome
showed that the prevalence of fever-induced Brugada ECG pattern was even higher, up
to 5.3%, in febrile male subjects [19]. This estimate, which is dozens of times higher than
the known prevalence of Brugada syndrome in the general population, highlights the
importance of features distinguishing fever-induced Brugada ECG changes and Brugada
syndrome [3]. Mizusawa et al. [24] found that of the 88 asymptomatic patients with fever-
induced type 1 Brugada ECG at baseline, 2 patients without evidence of spontaneous
type 1 ECG, family cardiac arrest history, or SCN5A mutation experienced sudden cardiac
death at the 10- and 75-month follow-up, respectively. Enrollment of non-consecutive cases
from an international registry may account for the discrepancies between the study results.
The higher event rates in the international registry may be attributable to selection bias
stemming from the inclusion of more severely affected patients and families from the 1990s
when the syndrome was first described. This study enrolled the largest cohort to date of
consecutive febrile patients with Brugada ECG patterns in a single center and reported a
very low incidence of arrhythmic events in asymptomatic patients followed for an average
of 10 years.

Amin et al. [7] found that, regardless of the cause, fever markedly increased the mean
PR/QRS intervals, QTc duration, and ST-segment amplitude in leads V1 and V2 for patients
with Brugada syndrome. However, inconsistent with a recent study on the relevant ECG
markers associated with fever, we found that the PR interval was significantly shorter
in the febrile than the afebrile state in both the asymptomatic and symptomatic groups,
accompanied by a significant increase in heart rate [24]. Only one asymptomatic patient
with diagnosed ruptured acute appendicitis had PR interval prolongation compared with
that in the afebrile state (240 ms vs. 190 ms). Febrile illness is a stress-based condition
clinically, occurring at an increase in sympathetic activity leading to an increase in heart
rate and atrioventricular nodal conduction. Additionally, autonomic influences seem to
play an important role in the modulation of the electrophysiology and arrhythmogenesis of
Brugada syndrome [25]. ST-segment elevation in the Brugada ECG pattern is mitigated by
the administration of beta-adrenergic agonists and is enhanced by parasympathetic agonists
such as acetylcholine in experimental and clinical investigations [25,26]. Taken together,
these observations show that fever triggers the Brugada ECG phenomenon through the
modulatory effect of temperature itself rather than autonomic input.

4.3. Recurrence and Reversibility of Fever-Induced Brugada ECG Pattern

In this study, 4 of 21 patients who presented to the emergency department had
recurrent febrile episodes with a total of 12 available ECGs, all of which showed type
1 Brugada ECG pattern regardless of the level and etiology of pyrexia. Furthermore,
their classic findings of fever-induced Brugada ECG patterns were reversible with clinical
defervescence. These ECG temporal changes demonstrate the direct modulating effect of
temperature on the mechanism of the Brugada ECG phenomenon in susceptible individuals.
In the setting of Brugada syndrome, mutant sodium channels are shown to be temperature
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dependent with further impairment occurring at elevated temperature, leading to more
evident ECG abnormalities and predisposing to arrhythmias [27]. Patients demonstrating
fever-induced Brugada ECG pattern are also likely to be genetically predisposed, although
it is not clear whether or to what extent a genetic predisposition may be involved. Insight
from cellular electrophysiology suggests that accentuation of the right ventricular action
potential notch by a rebalancing of active currents at the end of phase 1 may give rise to the
typical Brugada ECG without creating an arrhythmogenic substrate [28,29]. It is possible
that a febrile state may modulate the functional expression of ionic currents responsible for
the dynamic ECG changes. Fever-induced Brugada ECG pattern may be due to increased
susceptibility to fever-induced ECG abnormalities, possibly as a result of an increase in a
latent ion channel dysfunction similar to that in drug-induced long QT syndrome. Fever
simply unmasks the type 1 Brugada pattern in carriers of this genetically determined
arrhythmic disorder. However, further evidence is needed to confirm this postulation.
Additionally, recent genetic studies provide new insights on the existence of a pathogenetic
link between Brugada syndrome and arrhythmogenic cardiomyopathy. Brugada syndrome
may be associated or overlapping with structurally yet not phenotypically expressed
cardiomyopathies, such as right ventricular arrhythmogenic cardiomyopathy, hypertrophic
cardiomyopathy, and Lamin A/C cardiomyopathy [30,31]. Scheirlynck et al. [32] reported
that patients with overlapping phenotypes were associated with a trend toward higher
arrhythmic risk. None of the asymptomatic patients in our study underwent cardiac
magnetic resonance image or genetic study to address this issue at the follow-up period,
and they really showed an exceptionally low future risk of arrhythmic events.

Despite the non-arrhythmogenic nature of all recurrent fever-induced Brugada ECG
patterns in asymptomatic patients over a decade-long follow-up period, the lifetime proba-
bility of a cardiac event in these patients is not well defined. Careful follow-up is strongly
recommended with prompt and aggressive treatment of fever with antipyretics and cold
compresses. In addition to being exposed to fever, the Brugada ECG pattern may be un-
masked by numerous medications, alcohol and cocaine intoxication, hypokalemia, or other
physiologic disruptions [2–5]. The coexistence of multiple trigger factors may possibly
cause a more pronounced Brugada ECG phenotype and increase the risk of ventricular
arrhythmias. Physicians should be aware of these possible triggers and educate affected
patients to avoid them. These cautions were communicated to all of our patients in follow-
up at arrhythmic clinics. ICD implantation is the proven effective treatment modality for
aborted cardiac arrest survivors and patients with a history of syncope and documented
ventricular arrhythmia [3]. However, in asymptomatic individuals with Brugada syndrome,
ICD implantation is known to have high complications associated with the procedure and
is therefore not recommended, as it has no mortality benefit [33].

4.4. Study Limitations

This study has several limitations, including that febrile groups included in the
present study may not necessarily represent the general population because all of them
were initially evaluated at an emergency department. ECG is usually not recorded in
an otherwise healthy non-cardiac patient presenting to the outpatient clinic with a fever.
Additionally, only adults (the youngest man, 21 years old at presentation) were studied
because of the independent pediatric emergency room in our hospital. Fever is the most
frequent trigger for syncope and sudden death among children with occult Brugada
syndrome [34]. However, in a multicenter cohort of Brugada syndrome, Asians with
fever-related arrhythmic events were much older than their Caucasian counterparts, and
the youngest was 25 years old [23]. Moreover, we only included subjects admitted to the
hospital; however, it may be that death during the febrile state in patients not admitted
to the hospital had some share of Brugada pattern subjects. This would conflict with the
risk of acute cardiac events associated with a febrile Brugada pattern but very unlikely
would affect the outcome of those who do not have acute events. One major limitation in
evaluating the asymptomatic patient group is that none of these patients chose to undergo
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the recommended genetic testing, drug challenge testing, or electrophysiological study,
which may have further elucidated their condition. The role of programmed ventricular
stimulation in risk stratification also has been controversial. In fact, some authors have
reported that the inducibility of ventricular tachyarrhythmias by programmed electrical
stimulation was not a significant predictor of future arrhythmic events [35,36]. Finally, the
results of this study are limited by the low statistical power of the small case series and the
limited number of events. Nevertheless, findings of a true consecutive cohort certainly add
clinically relevant insights in managing patients with fever-induced Brugada ECG patterns.

5. Conclusions

The present study reported data of a cohort of consecutive patients presenting with
fever-induced type 1 Brugada ECG pattern with the longest follow-up reported to date.
The lack of cardiac symptoms (syncope, sudden cardiac death) at presentation among
asymptomatic patients, with negative personal and family history and without spontaneous
type 1 Brugada ECG, suggests an exceptionally low future risk of arrhythmic events.
Careful follow-up with a recommendation of timely and aggressive control of the fever is
an appropriate option for this patient population.
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Abstract: There is a widespread lack of systematic knowledge about myocarditis in children and
young adults in European populations. The MYO-PL nationwide study aimed to evaluate sex
differences in the incidence, clinical characteristics, management and outcomes of all young patients
with a clinical diagnosis of myocarditis, hospitalized in the last ten years. The study involved
data (from the only public healthcare insurer in Poland) of all (n = 3659) patients aged 0–20 years
hospitalized for myocarditis in the years 2011–2019. We assessed clinical characteristics, management
and five-year outcomes. Males comprised 75.4% of the study population. The standardized incidence
rate of myocarditis increased over the last ten years and was, on average, 7.8 and 2.5 (in males and
females, respectively). It was the highest (19.5) in males aged 16–20 years. The highest rates of
hospital admissions occurred from late autumn to early spring. Most myocarditis-directed diagnostic
procedures, including laboratory tests, echocardiography, coronary angiography, cardiac magnetic
resonance and endomyocardial biopsy, were performed in a low number of patients, particularly
in females. Most patients required rehospitalization for cardiovascular reasons. The results of this
large epidemiological study showed an increasing incidence of myocarditis hospitalizations in young
patients over last ten years and that it was sex-, age- and season-dependent. Survival in young
patients with myocarditis was age- and sex-related and usually it was worse than in the national
population. The general management of myocarditis requires significant improvement.

Keywords: cardiomyopathy; endomyocardial biopsy; epidemiology; heart failure; arrhythmias;
inflammation

1. Introduction

Myocarditis in children has become an increasingly significant condition over the
years. Myocarditis can take various forms, from a mild subclinical course to fulminant
acute myocarditis, entailing acute heart failure and being the cause of sudden cardiac death
in 4–6% of cases [1–3]. In addition, a number of major complications have been observed,
such as dilated cardiomyopathy or clinically significant arrhythmias [4]. The Global
Burden of Disease 2016 and 2019 Study (GBD2016 and GBD2019) show a higher-than-
expected increase in all-age deaths due to myocarditis over the last decades [5,6]. However,
there is still a substantial gap in the current knowledge of the epidemiology, diagnosis,
treatment and true course of the disease not only in adults but also in the pediatric/young
adult population.
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The incidence, management and outcomes of myocarditis in clinical practice in hospi-
talized patients aged 0–20 years are largely unknown in European populations. There are
several nationwide studies investigating myocarditis in pediatric populations; however,
there is only one such study performed on a European population [7]. Based on the exam-
ples of American or Asian studies, which provided valuable information and conclusions,
we believe that big, nationwide databases are of especially high scientific value, as they
report real-life, unselected data on the clinical characteristics of patients and on current
diagnostic standards.

Several large-scale studies on myocarditis/cardiomyopathy in children have been
conducted so far. However, they provide conflicting results due to non-homogenous
diagnostic criteria and possible ethnic differences [1–4,7,8]. The available data seem to show
an increase in the incidence rate of myocarditis in pediatric patients in the last decade [2].
However, most data were collected prior to 2016 and require updating. What is more, there
is little information regarding the sex- and age-related short- and long-term outcomes,
without explanation of the possible rationale behind the differences [2,3]. In addition, only
one of the abovementioned studies examined the European population, and thus, there is a
particular need for studies from this region [7].

Considering the abovementioned lack of knowledge and the rising significance of
myocarditis, particularly in the pediatric population, obtaining more population data,
particularly from European countries, is highly warranted. In this analysis of a nationwide
MYO-PL (the occurrence, trends, management and outcomes of patients with myocarditis
in Poland) database containing information about all patients with myocarditis, we aimed
to evaluate sex-related differences in the incidence, clinical characteristics, management
and long-term outcomes of all real-life, unselected patients aged 0–20 years with a clinical
diagnosis of myocarditis hospitalized in Poland in the last ten years.

2. Materials and Methods

The MYO-PL nationwide study gathered data from the National Health Fund (NHF) —
the only public healthcare insurer in Poland. The NHF reimburses healthcare services
(both public and private) and prescription of medication with public funds. Public health
insurance is obligatory for almost all Polish residents. More research results have already
been published based on the NHF data regarding the incidence and management of certain
diseases [9,10].

Based on the NHF data, we derived hospitalizations due to myocarditis reported in
the years 2011–2019 with the following ICD-10 (the International Classification of Diseases
and Related Health Problems, 10th Revision) codes: I40, I40.0, I40.1, I40.8, I40.9, I41, I41.0,
I41.1, I41.2, I41.8, I51.4 and B33.2 [5]. The diagnostic criteria of myocarditis (based on
international ICD-10 codes) were clinician-dependent and reflected routine clinical practice.
No other inclusion–exclusion criteria were applied.

The dataset was restricted to the first hospitalization for myocarditis (newly diagnosed
patients with a principal (first) diagnosis of myocarditis for whom no information about
myocarditis was reported in the 400 days preceding the hospitalization). To establish
the baseline clinical characteristics, we analyzed the data for each patient 400 days back
dating from the initial diagnosis of myocarditis. In addition, in-hospital and long-term
outcomes were analyzed, including all-cause mortality as well as the occurrence of selected
diseases (defined as receiving services with specific ICD-10 codes reported) and selected
procedures, defined with particular codes following the International Classification of
Diseases, 9th Revision, Clinical Modification (ICD-9-CM) (all ICD codes used in this
analysis are presented in a Supplementary Table) [6]. The follow-up was assessed for the
in-hospital period, 30-days, one-year, three-years, and five-years after discharge. Thus,
only patients with a diagnosis of myocarditis between January 2011 and December 2019
were ultimately included in the analysis.

To show age-related differences in patients hospitalized due to myocarditis, baseline
characteristics and long-term outcomes were assessed for the following age groups: 0–5,
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6–10, 11–15 as well as 16–20 years. Patients aged 0–20 years were included in the study to
show age-related differences in children and young adults. The incidence of myocarditis
was calculated by the number of residents (per 100,000 people) in Poland in a given age
group in the years 2011–2019. Age-standardized hospitalization rates for myocarditis in
male and female patients were calculated in relation to the age structure of the Polish
population (aged 0–20) from 2011.

No ethics approval was required for this study, as it involved the analysis of adminis-
trative data. The study complies with the Declaration of Helsinki.

In the study, data from the Central Statistical Office of Poland was used to relate the
obtained results to the Polish population and to build life tables for survival analysis.

Statistical Analysis

The results were presented as means (and standard deviations) or median (and quar-
tiles) for continuous variables. Categorical variables were presented as percentages. The
Shapiro–Wilk test was performed to verify the normality of the data distribution. Median
values and Mood’s median test or mean values and Welsch’s t-test were used in case of
normal and non-normal data distribution, respectively. Associations between the study
parameters were analyzed using a Pearson chi-square test and a t-test. The observed sur-
vival was analyzed using the Kaplan–Meier estimates. The relative survival (with 95% CIs)
was calculated using the Hakulinen method employing single age-, year-, and sex-specific
life tables for the general Polish population. Logistic regression models were created to
report age-adjusted sex differences. A p-value less than 0.05 was considered significant.
All tests were 2-tailed. Statistical analysis was carried out using R software, version 3.6.1
(Columbus, OH, US)

3. Results

3.1. Incidence of Hospitalizations for Myocarditis and Clinical Characteristics

Medical records of 3659 hospitalized children with a clinical diagnosis of myocarditis
were collected between 2011 and 2019. The median age of the total cohort was 17 years
(interquartile range 8–19), and was 10 (1–16) years in males and 17 (13–19) years among
females (p < 0.001). The majority of the patients were male (75.4%, n = 2759).

The standardized incidence rate of myocarditis was, on average, 7.8 and 2.5 (in males
and females, respectively) and was the highest in males aged 16–20 years. The incidence
of myocarditis hospitalizations showed a bimodal distribution, with two peaks: lower in
children, aged 0–5 years and higher in young adults, aged 16–20 years (Table 1).

Table 1. The incidence of male and female patients with myocarditis by the number of residents (per 100,000 people) in
Poland in a given age group in the years 2011–2019.

Males

Age
Group
(Years)

Average
Incidence

Year
p-Value a p-Value b

2011 2012 2013 2014 2015 2016 2017 2018 2019

0–5 3.56 4.28 4.43 4.09 4.52 3.46 2.73 2.90 3.40 2.20 0.003 <0.001
6–10 2.09 2.16 1.39 2.61 2.01 1.35 2.83 1.22 3.21 2.04 0.615 0.392
11–15 3.97 2.55 2.43 4.48 4.26 4.00 4.56 4.62 4.82 4.02 0.034 0.005
16–20 19.52 13.90 14.56 19.52 18.16 18.81 23.31 21.98 23.03 22.37 0.001 <0.001

Females

Age
Group
(Years)

Average
Incidence

Year
p-Value a p-Value b

2011 2012 2013 2014 2015 2016 2017 2018 2019

0–5 3.49 4.26 3.67 5.00 3.73 3.12 3.25 3.60 2.70 2.06 0.009 0.001
6–10 1.11 0.80 0.56 1.54 1.16 0.81 1.39 1.09 1.59 1.02 0.249 0.221
11–15 1.95 1.03 1.28 2.19 2.58 2.05 2.29 2.49 1.98 1.69 0.241 0.148
16–20 3.09 3.46 3.09 3.23 2.70 3.62 4.36 2.57 1.98 2.81 0.324 0.216

a Linear regression and b P-trend tests for the independence of the number of patients with myocarditis in a given age group by year.
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An increase in age-standardized incidence rates of myocarditis hospitalizations over
the study period was observed, but it was driven by a substantial increase in the myocarditis
incidence rate in males (Figure 1). Conversely, in females, a slight decrease in the incidence
rate was seen over time.

Figure 1. Age-standardized hospitalization rates for myocarditis in male and female patients aged
20 years or younger by the number of residents in Poland (per 100,000 people) in the years 2011–2019.

The incidence rates of myocarditis were higher in males in nearly all age groups and
all study years (Table 1). However, the sex difference in the occurrence of myocarditis was
clearly age-related. The difference in favour of higher incidence rates of myocarditis in
males increased with age and was the highest in patients aged 16–20 years.

We observed a pattern of seasonal changes in the frequency of hospitalizations for
myocarditis (Figure 2). The highest rates of hospital admissions occurred from late autumn
to early spring (November to April), while the lowest rates were observed in mid-summer
(July to August).

Figure 2. Seasonality of the incidence of male and female patients with myocarditis aged 20 years or
younger. Chi-square test for the difference: p-value < 0.001.

Serious cardiac arrhythmias (ventricular tachycardia, ventricular fibrillation and atrial
fibrillation) before admission were infrequent both in male and female patients. In females,
compared to males, higher rates of tachycardia/palpitations (3.3% vs. 1.2%, respectively)
and paroxysmal tachycardia (1.3% and 0.3%, respectively) were observed.
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Females were more likely to have had a history of infectious diseases within the last
6 months prior to admission, especially otorhinolaryngologic and/or ophthalmic infections
(46.4% vs. 41.0% in males; p < 0.01) as well as digestive infections (7.6% vs. 4.8% in males;
p = 0.01).

3.2. In-Hospital Diagnostic Procedures and Management

Most patients were hospitalized in general wards (internal ward or pediatric depart-
ment) (49.7%) and in cardiology units (40.7%), but significant sex differences were evident.
Males were more frequently admitted to cardiology units (46.4%) in comparison to females
(23.3%) who were mostly hospitalized in general wards (59.8% compared to 46.4% in
males). Females were more frequently hospitalized in intensive care units (3.8%) than
males (1.1%) (Table 2).

Table 2. Clinical characteristics and diagnostic procedures performed in male and female patients aged 20 years or younger
hospitalized for myocarditis.

Variable Total n = 3659
Females n = 900

(24.6%)
Males n = 2759

(75.4%)
OR (95% CI) * p-Value *

Demographics

Median Age (IQR) 17 (8–19) 10 (1–16) 17 (13–19) - -

Management

Hospital ward on admission, n (%)
- Cardiology unit 1491 (40.7) 210 (23.3) 1281 (46.4) 0.57 (0.47–0.68) <0.01

General ward (internal ward or
pediatric department) 1817 (46.8) 538 (59.8) 1279 (46.4) 1.25 (1.06–1.48) 0.01

Intensive care unit 64 (1.6) 34 (3.8) 30 (1.1) 1.89 (1.12–3.18) 0.02

Intensive cardiac care unit 32 (0.9) 3 (0.3) 29 (1.1) 0.38 (0.11–1.31) 0.13

Other 475 (13.0) 136 (15.1) 339 (12.3) 1.17 (0.93–1.47) 0.18

Diagnostic procedures, n (%)
- C-reactive protein ** 1494 (40.8) 301 (33.4) 1193 (43.2) 0.79 (0.67–0.93) <0.01

Troponins ** 1349 (36.9) 245 (27.2) 1104 (40.0) 0.73 (0.61–0.87) <0.01

Brain natriuretic peptides ** 475 (13.0) 79 (8.8) 396 (14.4) 0.66 (0.51–0.87) <0.01

Echocardiography *** 3188 (87.1) 753 (83.7) 2435 (88.3) 0.72 (0.57–0.90) <0.01

Cardiac Magnetic Resonance *** 563 (15.4) 88 (9.8) 475 (17.2) 0.81 (0.63–1.05) 0.11

Endomyocardial biopsy *** 12 (0.3) 2 (0.2) 10 (0.4) 1.1 (0.23–5.26) 0.91

Endomyocardial biopsy or heart
catheterization *** 40 (1.1) 13 (1.4) 27 (1.0) 1.43 (0.70–2.92) 0.32

Coronary angiography (invasive or computed
tomography) *** 270 (7.4) 10 (1.1) 260 (9.4) 0.23 (0.12–0.43) <0.01

Medical history

Cardiac Arrhythmias, n (%)
- Atrial Fibrillation 7 (0.2) 4 (0.4) 3 (0.1) 3.54 (0.71–17.62) 0.12

Tachycardia, palpitations 63 (1.7) 30 (3.3) 33 (1.2) 3.36 (1.97–5.74) <0.01

Bradycardia 12 (0.3) 4 (0.4) 8 (0.3) 0.81 (0.23–2.79) 0.73

Paroxysmal tachycardia 19 (0.5) 12 (1.3) 7 (0.3) 5.67 (2.10–15.33) <0.01

Ventricular tachycardia 2 (0.1) 1 (0.1) 1 (0.0) 7.33 (0.44–123.49) 0.17

Ventricular fibrillation 2 (0.1) 0 (0.0) 2 (0.1) - 0.99

Heart failure, n (%) 19 (0.5) 6 (0.7) 13 (0.5) 1.08 (0.39–3.00) 0.89

Hypertension, n (%) 53 (1.4) 4 (0.4) 49 (1.8) 0.47 (0.17–1.33) 0.16

Diabetes, n (%) 17 (0.5) 4 (0.4) 13 (0.5) 1.70 (0.53–5.43) 0.37

Chronic kidney disease, n (%) 2 (0.1) 1 (0.1) 1 (0.0) 9.36 (0.57–153.2) 0.12

Asthma, n (%) 227 (6.2) 62 (6.9) 165 (6.0) 1.11 (0.81–1.54) 0.51
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Table 2. Cont.

Variable Total n = 3659
Females n = 900

(24.6%)
Males n = 2759

(75.4%)
OR (95% CI) * p-Value *

Autoimmune disease, n (%) 28 (0.8) 9 (1.0) 19 (0.7) 1.71 (0.73–4.00) 0.21

Psychiatric disease, n (%) 44 (1.2) 9 (1.0) 35 (1.3) 1.39 (0.65–2.99) 0.39

Infectious disease within last 6 months, n (%)
- Otolaryngologic and eye 1548 (42.3) 418 (46.4) 1130 (41.0) 1.26 (1.07–1.48) <0.01

Central nervous system 4 (0.1) 1 (0.1) 3 (0.1) 0.70 (0.07–7.44) 0.77

Respiratory 503 (13.7) 142 (15.8) 361 (13.1) 0.98 (0.78–1.22) 0.85

Digestive 200 (5.5) 68 (7.6) 132 (4.8) 1.58 (1.15–2.19) 0.01

Urogenital 30 (0.8) 11 (1.2) 19 (0.7) 1.12 (0.51–2.47) 0.77

Sepsis 14 (0.4) 4 (0.4) 10 (0.4) 0.81 (0.24–2.72) 0.73

Other 211 (5.8) 68 (7.6) 143 (5.2) 1.33 (0.97–1.83) 0.08

Any 1903 (52.0) 503 (55.9) 1400 (50.7) 1.25 (1.06–1.47) 0.01

* Comparison between sex groups, adjusted for age; ** within the index hospitalization; *** within last or proceeding 6 months from the
diagnosis of myocarditis; CI—confidence interval; IQR—interquartile range; n—number; OR—odds ratio.

Most of the myocarditis-directed diagnostic procedures, including laboratory tests,
echocardiography, invasive/computed tomography coronary angiography, cardiac mag-
netic resonance (CMR) or endomyocardial biopsy (EMB), were performed in a low number
of patients, especially in females (Table 2). Laboratory studies such as C-reactive protein
(43.2% vs. 33.4%; p < 0.01), troponins (40% vs. 27.2%; p < 0.01) and brain natriuretic
peptides (14.4% vs. 8.8%; p < 0.01) were more frequently performed in males as compared
to females. Males were also more likely to undergo echocardiography (88.3% vs. 83.7%;
p < 0.01) and/or coronary angiography (9.4% vs. 1.1%; p < 0.01) than females. There were
no significant sex-related differences in the frequency of CMR and EMB performance,
but overall, these procedures were performed in a minority of patients (15.4% and 0.3%,
respectively). Consequently, it can be concluded that the etiology of myocarditis remained
uncertain in the majority of cases.

The main clinical characteristics and management approaches for patients with my-
ocarditis are presented in Table 2.

3.3. Short- and Long-Term Outcomes

During the five-year observation period, most patients required rehospitalization.
The mean number of hospitalizations in a five-year follow-up were 2.8 and 2.0 (p = 0.001)
for females and males, respectively. Female patients were more frequently hospitalized due
to cardiac arrhythmias and cardiomyopathy/heart failure, while male patients were more
likely to be rehospitalized for myocarditis (however, there were no statistically significant
sex-related differences in the reasons for hospitalization) (Table 3).

There were no differences between male and female patients in the short-term (in-
hospital and 30-day) observed mortality regardless of the age group. However, in the
long-term follow-up (after five-years), a higher mortality in females compared to males
was seen in the group aged 0–5 years (6.4% vs. 1.3% (p = 0.01), respectively) (Table 4 and
Figure 3). There were no differences in mortality between male and female patients in
other age groups. The relative five-year survival rate ranged from 0.96 to 0.99 in males and
from 0.95 to 0.99 in females. The relative survival rates in females aged 0–5 and 6–10 years
were worse, while in females aged 11–15 and 16–20 years, they were equal/not worse
compared with the general population. Relative survival rates in males aged 0–5 years
were equal/not worse compared with the general population. In other age groups, the
relative survival rates in males were mostly worse than in the general population. Relative
survival rates in relation to sex and age are shown in Table 5.
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Table 3. Reasons for rehospitalization in the five-year follow-up in patients with myocarditis aged 20 years or younger
according to sex.

Reason for Rehospitalization Females (%) Males (%) OR * 95% CI p-Value

Atrial fibrillation or atrial flutter 0 (0.0) 0 (0.0) 1.00 - 1.00

Ventricular fibrillation, ventricular flutter or
cardiac arrest 1 (0.2) 4 (0.3) 0.59 0.06–5.77 0.65

Other cardiac arrhythmias or
paroxysmal tachycardia 53 (10.8) 96 (7.2) 1.23 0.84–1.78 0.28

Atrio-ventricular block 4 (0.8) 6 (0.5) 1.79 0.47–6.90 0.40

Autoimmune disease 8 (1.6) 15 (1.1) 1.90 0.76–4.74 0.17

Cardiomyopathy or heart failure 17 (3.5) 31 (2.3) 1.43 0.76–2.71 0.27

Myocarditis 45 (9.1) 158 (11.9) 0.82 0.57–1.18 0.28

Ischemic stroke or transient ischemic attack 0 (0.0) 1 (0.1) - - 1.00

Pericarditis 0 (0.0) 1 (0.1) - - 1.00

Pulmonary embolism 0 (0.0) 3 (0.2) - - 1.00

Embolism or arterial thrombosis 0 (0.0) 1 (0.1) - - 1.00

Other reason 284 (57.7) 770 (58.1) 1.03 0.82–1.28 0.82

CI—confidence interval; OR—odds ratio; * females vs. males adjusted for age.

Table 4. Short- and long-term observed mortality of patients aged 20 years or younger hospitalized with myocarditis
according to sex and age group.

Follow-Up Age Group
Mortality (%)

p-Value
Females Males

In-hospital

0–5 2.5% 1.0% 0.21

6–10 2.1% 1.6% 1.00

11–15 0.6% 0.9% 1.00

16–20 0.7% 0.2% 0.40

30 days

0–5 2.5% 1.5% 0.50

6–10 2.1% 3.2% 0.89

11–15 1.3% 1.2% 1.00

16–20 1.1% 0.2% 0.08

1 year

0–5 5.1% 1.9% 0.03

6–10 4.3% 3.8% 1.00

11–15 1.9% 1.6% 1.00

16–20 1.1% 0.3% 0.21

3 years

0–5 5.8% 2.3% 0.04

6–10 1.5% 3.9% 0.62

11–15 0.9% 1.7% 0.89

16–20 1.3% 1.1% 1.00

5 years

0–5 6.4% 1.3% 0.01

6–10 2.4% 4.7% 0.89

11–15 1.4% 3.9% 0.55

16–20 1.9% 1.9% 1.00
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Figure 3. Kaplan–Meier curves for observed mortality in patients hospitalized with myocarditis.

Table 5. Relative survival of patients aged 20 years or younger hospitalized with myocarditis according to sex and age group.

Gender Outcome

Age Group

Relative Survival

0–5 6–10 11–15 16–20

Males

30 days 0.99 (0.98–1.00) 0.98 (0.96–0.99) 0.99 (0.98–1.00) 0.998 (0.997–1.00)

1 year 0.99 (0.98–1.00) 0.97 (0.95–0.996) 0.99 (0.97-0.998) 0.998 (0.995–1.00)

3 years 0.99 (0.97–1.00) 0.97 (0.94–0.99) 0.98 (0.97–0.997) 0.99 (0.99–0.999)

5 years 0.99 (0.97–1.00) 0.96 (0.93–0.99) 0.97 (0.94–0.99) 0.99 (0.99–0.998)

Females

30 days 0.98 (0.96–0.99) 0.98 (0.95–1.01) 0.99 (0.97–1.01) 0.99 (0.98–1.00)

1 year 0.95 (0.93–0.98) 0.96 (0.92–0.998) 0.98 (0.96–1.00) 0.99 (0.98–1.00)

3 years 0.95 (0.92–0.97) 0.96 (0.92–0.998) 0.98 (0.96–1.00) 0.99 (0.98–1.00)

5 years 0.95 (0.92–0.97) 0.96 (0.92–0.999) 0.98 (0.96–1.00) 0.99 (0.97–1.00)

4. Discussion

4.1. The Current State of Knowledge and Novelty of the Study

Data on myocarditis in the pediatric population in Europe is highly insufficient. This is
especially true for the outcomes of myocarditis and the prognostic factors, which are largely
unknown. Most data come from studies on non-European populations, with only one
European study based on a nationwide database, performed in Finland few years ago.
In Poland, a recent national database provided valuable conclusions about the incidence,
presentation and outcomes of myocarditis in the general population [4]. However, these
data do not allow for extrapolation for pediatric populations.

This leaves a significant gap in the current general knowledge. MYO-PL is a na-
tionwide study that includes the unique data of all patients aged 0–20 years hospitalized
with a clinician-based diagnosis of myocarditis in the last ten years in a large (approx.
38 million people) European country. This study was conducted on what is, to date, the
largest European pediatric population. It also presents mostly unknown data regarding
sex-related differences and outcomes in short- and long-term follow-up. Moreover, the
reduction in the age span of the study groups to 5 years only allows for a better insight
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into the characteristics of the patients with regard to age groups and displays the age differ-
ences more accurately. This database provides up-to-date and comprehensive information
concerning the real-life epidemiology, management and long-term course of the disease in
daily clinical practice.

What constitutes the novelty of this study is the detailed presentation of the sex-
related differences in the incidence, clinical characteristics and outcomes, both short- and
long-term. We proved that the overall incidence was higher in males, with the sex-related
difference being most accentuated in the group aged 16–20 years.

4.2. Incidence and Patient Characteristics

Previously published research concerning the epidemiology of myocarditis in chil-
dren in the western population reported the incidence rates spanning a broad spectrum
of values. The incidence rates amounted to: 1.95/100,000 person-years in Finland [7],
1.4–2.1/100,000 in Korea [8], 0.8/100,000 in United States (US) [11] and 0.26/100,000 in
Japan [4]. The age spans of the investigated groups were 0–15 years, 0–19 years, 0–18 years
and 1 month–17 years, respectively. The data were derived from registries [7,8,11] or ques-
tionnaires [4] reporting patients hospitalized in the years 2004–2014, 2007–2016, 2007–2016
and 1997–2002, respectively. These studies included patients with a clinical (not EMB-based)
diagnosis of myocarditis based on ICD-10 codes (Korean, Finnish and US studies) [7,8]
and diagnostic criteria established by the Japanese Circulation Society [4], with no specific
exclusion criteria. Importantly, a bimodal age distribution was shown in the studies from
Korea and the US by Vasudeva et al. [11], with two peaks occurring, respectively, in infancy
and in young adulthood, both in males and females, which is also consistent with the
results of our study.

Retrospective data from the registry by Vasudeva et al. suggest a gradual upward
tendency of myocarditis hospitalization occurrence with 2898 admissions in 2007 and
3625 in 2014 (27,129 hospitalizations overall during the study period) [12]. A similar
increase was observed in a study on patients aged 0–19 years, which demonstrated that the
incidence rate increased significantly from 1.4 to 2.1 per 100,000 patients over a nine-year
period in the Korean population [8]. Notably, at the study endpoint (2016), the incidence
showed a significant sex-related difference (2.5 per 100,000 boys and 1.7 per 100,000 girls,
respectively). In our study, we also proved that the increase over time was driven by the
male population, mainly at age 16–20, with a slight decrease in the female population.
This contrasts with the previous findings by Vasudeva et al. [11], according to which there
was a homogenous increase in the incidence in all age and sex groups.

Our study showed progressive male predominance, increasing with age. This is
consistent with the previously published studies. In the Korean Study, this difference was
demonstrated in groups of patients older than 13 years, whereas in the Finnish Study, as
well as in ours, it was detected already in the groups of patients aged 6–11 and 6–10 years,
respectively, with a further increase in older patients [7,8]. As the study cohort in the
Finnish Study was aged 0–15 years, data limitations need to be considered regarding the
young adult population. This problem was addressed in our study by enrolling into the
study a group aged 16–20 years, where the sex-related differences turned out to be most
pronounced. With regard to the sex-related differences, females were reported to be, on
average, younger than males at the disease onset (mean age in females was 10.6 [7] and
6.5 [8], and in males was 12.8 [7] and 9.8 [8]), which was also corroborated in our study
(median age was 10 years in females and 17 years in males).

This specific age distribution and predominance of myocarditis occurrence in males
is still an unexplained phenomenon that requires further research in order to determine
whether it is attributable to a factor that cannot be affected, such as sex-related hormonal
balance, or whether it is caused by a possibly modifiable environmental factor.

There are several theories as to what contributes to this distinctive sex-related dif-
ference. Some of them suggest a substantial role of sex hormones influencing several
components of the immune system. Epidemiological data suggest that estrogen might
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have a protective character, while testosterone may promote the occurrence of myocarditis.
It has been experimentally proven that estrogen and testosterone can modify the reactions
of various immune cell populations [13,14]. The influence of genetic factors also needs to
be considered. Some authors also attribute these sex-related differences to exercising and
physical activity reaching higher intensity among males (particularly relevant in young
adulthood) [7].

On the other hand, the infectious factor (mainly viruses) is the most often raised reason
for the occurrence of myocarditis [3,15]. In our study, the highest incidence of myocarditis
in males was observed from November to April when the impact of infectious etiology
of myocarditis might be especially expected. Interestingly, in our study, the frequency
of a recent history of an infectious disease was higher in females, while the incidence
rate of myocarditis was higher in males, suggesting that possible non-infectious factors
may be crucial in the development of a myocardial inflammation. The pathophysiological
mechanisms responsible for this specific sex- and age-related distribution remain unknown
and require further research.

Furthermore, one may hypothesize that different factors play major roles in US and
European populations, as the increase in myocarditis hospitalizations over the years has
shown a different pattern. Whereas in the US, a homogenous increase in all age and sex
groups was observed, in Europe, the group of young, male adults was especially affected,
suggesting the greater role of environmental factors in US, with a more complex etiology
(including possibly hormonal and/or immunological changes or influence of physical
activity, that are most pronounced during adolescence) in Europe.

The observed higher rate of arrhythmias in females with myocarditis is a so-far unin-
vestigated phenomenon. Several studies on non-myocarditis patients reported a higher
propensity towards arrhythmias (especially supraventricular arrhythmias) in adult females
compared to males and linked it with longer rate-corrected QT-intervals in females [16–18].
This has been attributed in many studies to the influence of sex hormones, which does
not, however, explain the propensity for arrhythmia in pediatric populations, as hormone
differences are less pronounced until puberty [19]. The lower density of ionic currents re-
sponsible for early repolarization (mainly K+ channels) in female hearts has been suggested
as an underlying cause of the higher observed rate of arrhythmias in females. However,
this conclusion is based solely on experiments on rabbit hearts and requires validation
in further studies [13,14,20]. It is likely that heart inflammation may aggravate these
proarrhythmic mechanisms in females.

4.3. In-Hospital Diagnostic Procedures and Management

We also demonstrated that the application of standard diagnostic procedures required
for the confirmation of the diagnosis was generally very low. Interestingly, females were
more likely to be admitted to general wards, and not to receive the routine cardiological
diagnostic tests (lab tests, echocardiography and coronary angiography) in comparison
to males. It should be noted that this tendency of limited testing was more visible in
females, even though they more often presented with palpitations and/or tachycardia.
In general, the use of golden standard non-invasive (CMR) and invasive (EMB) procedures
was marginal. Particularly, the clinical utility of EMB in the diagnosis of myocarditis should
be highlighted. EMB provides the confirmation of the diagnosis as well as details on the
etiology and type of inflammatory cell infiltration. EMB is associated with a relatively low
risk of serious complications (1.9%) as shown in a large retrospective study on a pediatric
population [21]. However, the performance of EMB in a center with expertise in this field is
strongly recommended [22]. The results of our study confirm that there is a pressing need
for the optimization of the diagnostic standards, both in male and female patients, at the
level of the healthcare system. Females were more frequently hospitalized in wards other
than cardiology wards (i.e., internal ward or pediatric department) and tended to have a
worse in-hospital prognosis in most age groups compared to males.
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4.4. Outcomes

Short- and long-term outcomes in children and young adults are mostly unknown.
The GBD2016 and GBD2019 reports showed a much higher number of life-years lost than
expected in the populations of eastern and central Europe [5,6]. In the Finnish study, the
overall in-hospital mortality was 1.4%, but the small group of patients precluded statistical
analyses of age- and sex-differences [7]. In our study, the in-hospital mortality was lower
(<1%) in older (aged over 10 years) than in younger patients (1–2.5%). There were no
differences between male and female patients.

In the available literature, there are also no data on long-term outcomes regarding
sex-related differences. The Japanese study showed an overall 22.5% mortality (38 out of
169 patients with a one-year follow-up) while the Korean study demonstrated that as many
as 30.5% of patients died or had heart transplantation (113 out of 371 patients during the
peri-hospital period); however, the latter study included only patients with acute fulminant
myocarditis [8]. The strength of our study is in the comprehensive data it provides on
five-year outcomes (with data on relative survival based on the total Polish population),
rendering it perfect for epidemiological considerations and showing large-scale trends in
the outcomes of myocarditis in children and young adults. Compared to the general Polish
population, the survival rates in our study tended to be worse in the youngest groups
of females (aged 0–5 and 6–10 years) and in the older groups of males. The observed
long-term mortality was the highest in patients aged 0–5 years, and was higher in females
than in males. There were no differences in other age groups.

The number of rehospitalizations tended to be higher in females, which is a variable
that had not been investigated in previous studies. However, there were no significant
differences in the reason for hospitalization between male and female patients.

This may be due to the previously described sex differences, encompassing hormonal
and immunological differences, which can not only affect the susceptibility to infection and
development of the disease, but also the severity and the risk of rehospitalization. Further-
more, the fact that girls are more often hospitalized within general wards may have a negative
influence on the quality of care and, consequently, lead to more frequent rehospitalizations.

The importance of this study for public health research is not to be underrated.
We demonstrated sex-related differences in the diagnostics and treatment, as well as the
outcomes of myocarditis, which provides a unique opportunity for a thoughtful analysis.

With this study, we also provide “hypothesis-generating” material for further research
on age- and sex-differences in myocarditis. The main questions remaining to be answered
are: ‘What makes males more susceptible to myocarditis?’ and ‘Why is the occurrence
of myocarditis age dependent?’. The answers to these questions may also provide more
data on true etiological factors (infectious vs. non-infectious and immune-mediated)
of myocarditis.

4.5. Diagnosis of Myocarditis in the COVID-19 Era

Results of our study are particularly important and should be discussed in the light of
a recent Severe Acute Respiratory Syndrome Coronavirus-2 pandemic. At the moment,
the consensus has been reached that it is not a cardiotropic virus and acute myocarditis
represented by the viral presence and infiltrates in the myocardium with myocardial
injury is rarely observed in the course of Coronavirus Disease 2019 (COVID-19) [15,23].
In individuals with so far uninvestigated predispositions the virus can be a trigger for an
immune reaction, leading to immune-mediated myocarditis.

In order to avoid misdiagnosis of myocarditis in patients with COVID-19, we recom-
mend implementing the structured diagnostic algorithm, included in the guidelines created
by European Society of Cardiology [24,25]. It should be highlighted that nasal/throat swab
tests for COVID-19 in the presence of clinically suspected myocarditis does not allow for
establishing the etiology. COVID-19 pandemic did not change the diagnostic path and still
EMB/autopsy is a gold standard of confirming the diagnosis.
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4.6. Limitations

It is a limitation of the study that the diagnosis of myocarditis was made on the
basis of the clinical presentation and auxiliary diagnostic measures, as EMB was very
rarely performed, and thus, no histological confirmation was possible. The criteria for
the diagnosis of myocarditis (as well as access to advanced diagnostic procedures, i.e.,
CMR and EMB) have changed over time, making the diagnosis of myocarditis usually a
diagnosis of exclusion. Myocarditis should be confirmed by EMB; however, worldwide
EMB is performed only in selected centers and still not in the majority of patients. However,
the incidence rates of myocarditis presented in our study were in-line with previous similar
studies. In contrast to clinical trials, the character of the study is also associated with certain
data inaccuracy, dependent on physicians reporting the diseases and procedures using ICD
codes. Due to the fact that data were extracted from the national health care payer, we
were not able to neither verify each diagnosis nor provide exact results of diagnostic tests,
which is a limitation inherent to this type of data collection. Nevertheless, while analyzing
myocarditis, one needs to base the observations on real-life data of unselected patients, as
standards from clinical trials rarely correspond to routine clinical practice.

5. Conclusions

The results of this large epidemiological study showed an increasing incidence of
myocarditis in children and young adults over the last ten years, and that it was sex-, age-
and season-dependent. It also made it clear that the management of myocarditis requires
significant improvement at the national level. The overall survival in young patients with
myocarditis was age- as well as sex-related, and was usually worse than in the general
population. The observed mortality was the worst in the youngest females.
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Dziełak, D.; et al. Observed and relative survival and 5-year outcomes of patients discharged after acute myocardial infarction:
The nationwide AMI-PL database. Kardiol. Pol. 2020, 78, 990–998. [CrossRef]
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Abstract: Background: In patients with complete atrioventricular block (AVB), the prevalence and
clinical characteristics of patients with pause-dependent AVB (PD-AVB) is not known. Our objective
was to assess the prevalence of PD-AVB in a population of patients with complete (or high-grade) AVB.
Methods: Twelve-lead electrocardiogram (ECG) and/or telemonitoring from patients admitted (from
September 2020 to November 2021) for complete (or high-degree) AVB were prospectively collected
at the University Hospital of Nice. The ECG tracings were analyzed by an electrophysiologist to
determine the underlying mechanism of PD-AVB. Results: 100 patients were admitted for complete
(or high-grade) AVB (men 55%; 82 ± 12 years). Arterial hypertension was present in 68% of the
patients. Baseline QRS width was 117 ± 32 ms, and mean left ventricular ejection fraction was 56 ± 7%.
Fourteen patients (14%) with PD-AVB were identified, and presented similar clinical characteristics
in comparison with patients without PD-AVB, except for syncope (which was present in 86% versus
51% in the non-PD-AVB patients, p = 0.01). PD-AVB sequence was induced by: Premature atrial
contraction (8/14), premature ventricular contraction (5/14), His extrasystole (1/14), conduction
block in a branch (1/14), and atrial tachycardia termination (1/14). All patients with PD-AVB received
a dual-chamber pacemaker during hospitalization. Conclusion: The prevalence of PD-AVB was
14%, and may be underestimated. PD-AVB episodes were more likely associated with syncope in
comparison with patients without PD-AVB.

Keywords: pause-dependent atrioventricular block; high-grade atrioventricular block; prevalence;
syncope; pacemaker

1. Introduction

Pause-dependent atrioventricular block (PD-AVB) can be defined as a paroxysmal
and complete AVB whose mechanism is “bradycardia-dependent”. An early description
of bradycardia-dependent AVB was made in 1971 by Coumel et al. [1], and a few years
later, the mechanism of PD-AVB was reported by Rosenbaum et al. [2]. Although some
recent publications use the term phase 4 AVB, a controversy still exists about the exact
mechanism of PD-AVB. [3] Actually, a recent report suggested the possible functional
nature of PD-AVB related to concealed retrograde conduction in non-diseased His–Purkinje
structures [4]. Nevertheless, despite the existence of variable triggers, “pause-dependency”
remains the common hallmark. PD-AVB occurrence is related to the inactivation of sodium
channels due to spontaneous depolarization within diseased His–Purkinje fibers, during
a post-compensatory pause, followed by inability to conduct electrical impulses due to
a very low resting membrane potential (phase 4 of action potential). This mechanism
may be distinguished from other types of complete AVB. In 2009, Lee et al. proposed
a classification of complete AVB in four types: Acquired AVB, vagally-mediated AVB,

J. Clin. Med. 2022, 11, 449. https://doi.org/10.3390/jcm11020449 https://www.mdpi.com/journal/jcm60



J. Clin. Med. 2022, 11, 449

congenital heart block, and paroxysmal AVB, the later referring to PD-AVB [5]. Recently,
the different triggers of PD-AVB have been well described: Premature atrial contraction
(PAC), premature ventricular contraction (PVC), supra-ventricular tachycardia termination,
sinus rhythm slowdown [6].

PD-AVB is considered a rare entity, but the prevalence of 4AVB is not known. The
purpose of this study was to assess the incidence and the clinical characteristics of patients
with PD-AVB in a population of patients admitted into a cardiac care unit for complete (or
high-grade) AVB.

2. Materials and Methods

All patients admitted at the cardiac care unit of the University Hospital of Nice from
September 2020 to November 2021 for complete (or high-grade) AVB were included in this
single-center prospective observational study, and their electrocardiograms (ECGs) were
systematically collected. Complete AVB but also high-grade (including 2 to 1) AVB were
confirmed on 12-lead surface and/or telemetry monitoring by one experienced electro-
physiologist (S.-S.B.). Patients with vagally-mediated AVB (Figure 1) defined by gradual
slowing of the sinus rate (PP interval lengthening) and AV conduction (prolonging PR)
usually seen before complete AVB occurrence, were excluded from this analysis.

 

Figure 1. Example of patient presenting with vagally-mediated complete AVB recorded with an
implantable loop recorder. One can notice the gradual PP lengthening before the occurrence of complete
AVB, but also during the absence of the QRS complexes. A PR interval prolongation is also visible before
AVB occurred, with the PR interval after resolution of the block slightly longer than PR before the block.
This type of AVB mechanism was excluded from the study. AVB: atrioventricular block.

AVB were classified as permanent if complete (or high-grade) AVB was present all
along the period of the hospitalization stay during cardiac monitoring, or intermittent if
complete (or high-grade) AVB was observed in alternation with 1:1 conduction (eventually
facilitated by isoproterenol infusion). To avoid any confusion with previous studies, the
term “paroxysmal” will not be used in our study and will be discussed later.

The clinical and electrocardiographic characteristics of the patients were analyzed;
episodes of PD-AVB were classified according to their initiation mechanism. All patients
gave their written informed consent for the pacemaker implantation (if needed). The study
was approved by the institutional review board.

Statistical Analysis

The statistical analysis was made with Excel (San Diego, CA, USA). Categorical
variables are described as numbers and percentages. Continuous variables are described as
mean ± SD for variables with normal distributions or as median with range for variables
not normally distributed.

3. Results

During the inclusion period, 100 patients were admitted for complete (or high-grade)
AVB (men 55%; 82 ± 12 years). Arterial hypertension was present in 68% of the patients.
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Baseline QRS width was 117 ± 32 ms, and mean left ventricular ejection fraction was
56 ± 7%. Fourteen patients (14%) with PD-AVB were identified, and presented similar
clinical characteristics in comparison with patients without PD-AVB except for syncope
(present in 86% versus 51% in the non-4AVB patients) (Table 1). PD-AVB sequence was
induced by: Premature atrial contraction (8/14), as shown in Figure 2; premature ventricular
contraction (5/14), as seen in Figure 3; His extrasystole (1/14); conduction block in a branch
(1/14); and atrial tachycardia termination (1/14), as shown in Figure 4. The mean duration
of asystoly during the PD-AVB episode was 5.1 ± 3 s (1.6–10 s). The mean number of
consecutive non-conducted p waves during the PD-AVB episode was 8 ± 4 (range 3–15).
Patients with PD-AVB represented one third of the total number (n = 43) of patients with
intermittent complete AVB. Baseline conduction disturbances in patients with intermittent
complete AVB are presented in Table 1. All of the patients with PD-AVB received a dual-
chamber pacemaker during hospitalization. After a mean follow-up of 6 ± 7 months, the
mean percentage of ventricular pacing was 89.2 ± 30% in this population (complete AVB
present except for two, one with initial baseline normal QRS, and the other with bifascicular
block); versus 73.4 ± 39% in the non-PD-AVB group (p = 0.31).

 

Figure 2. Example of patient presenting with PD-AVB initiated by a premature atrial contraction,
recorded on a telemetry strip (upper panel). Another episode could be recorded in the same patient
(patient 5 from Table 2), but without any macroscopic variation of the PP intervals preceding the
complete AVB (lower panel).

Table 1. Characteristics of patients with pause-dependent atrioventricular block.

PD-AVB 1

(n = 14)
Non-PD-AVB

(n = 86)
p

Age 84 ± 6 (71–96) 82 ± 12 (57–102) 0.22
Men, n (%) 9 (64) 46 (53) 0.45
Syncope 12 (86) 44 (51) 0.01
Arterial hypertension, n (%) 10 (71) 58 (67) 0.77
LVEF (%) 2 55 ± 10 56 ± 7 0.57
Mean QRS duration (ms) 132 ± 27 117 ± 32 0.15
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Table 1. Cont.

PD-AVB 1

(n = 14)
Non-PD-AVB

(n = 86)
p

PR interval (ms) 230 ± 36 199 ± 43 0.10

RBBB 3/LBBB 4/Normal QRS, n (%)

RBBB = 3 (22)
RBBB/LAFB 5 = 3 (22)
RBBB/LPFB 6 = 2 (14)

LBBB = 2 (14)
Normal = 4 (28)

RBBB = 2 (7)
RBBB/LAFB = 4 (14)
RBBB/LPFB = 5 (17)

LBBB = 5 (17)
Normal = 12 (41)

Isolated LAFB = 1 (4)

0.16
0.34
0.80
0.80
0.42

Baseline corrected QT interval (ms) 453 ± 44 470 ± 53 0.64
Tpeak-Tend (ms) 114 ± 48 117 ± 45 0.69

1 PD-AVB: pause-dependent atrioventricular block. 2 LVEF: left ventricular ejection fraction. 3 RBBB: right bundle
branch block. 4 LBBB: left bundle branch block. 5 LAFB: left anterior fascicular block. 6 LPFB: left posterior
fascicular block.

 

Figure 3. Example of two mechanisms of pause-dependent atrioventricular block seen within the
same patient (patient 10 in Table 2). Baseline twelve-lead ECG shows sinus rhythm with complete
left bundle branch block and a conducted premature atrial contraction (PAC). Another timely-
appropriate PAC then induced PD-AVB (left lower image). Another PD-AVB episode was recorded
after a premature ventricular contraction (lower right image).

Table 2. Summary of published cases of pause-dependent atrioventricular block.

Author Sex Age (y)
Baseline QRS

Width (ms)
Symptom Mechanism Outcome

Lee S, 2009 [5] NA
n = 30 69 123 ± 32 Syncope

(75%)

PAC 1 (30%)
PVC 2 (23%)

His extrasystole (10%)
Other (37%)

Pacemaker

Atreya AR, 2015 [7] Male NA 3 96 Syncope PAC Pacemaker

Georger F, 2015 [8] Male 74 NA Syncope AT termination Pacemaker

Shesana M, 2017 [9] Male 45 130 Syncope PAC Pacemaker

Bansal R,
2017 [10] Female 79 Narrow Near-syncope PVC Pacemaker
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Table 2. Cont.

Author Sex Age (y)
Baseline QRS

Width (ms)
Symptom Mechanism Outcome

Prasada S, 2019 [11] Male 81 130 None PVC Pacemaker

Uhm JS, 2018 [6] Male 72 Narrow Syncope Vagally-mediated Pacemaker

Male 73 NA Asymptomatic PVC Pacemaker
refused

Male 69 Narrow Syncope PVC No pacemaker
Male 68 NA Dizziness PAC Pacemaker
Male 71 Narrow Syncope AT termination Pacemaker

Du W, 2020 [3] Male 76 130 Dizziness PVC Pacemaker

Our series, 2022 Female 96 134 Asymptomatic Block in branch Pacemaker
Male 88 156 Syncope PAC Pacemaker

Female 87 112 Syncope PAC Pacemaker
Female 91 124 Heart failure PVC Pacemaker
Female 91 74 Syncope PVC Pacemaker
Female 79 122 Syncope PAC Pacemaker
Male 84 156 Syncope PAC Pacemaker
Male 90 170 Syncope PAC Pacemaker
Male 83 160 Syncope PVC Pacemaker
Male 86 144 Syncope PAC/PVC Pacemaker
Male 76 140 Syncope AFl 4 termination/PVC Pacemaker
Male 72 115 Syncope PVC/SR acceleration 5 Pacemaker
Male 81 96 Syncope His extrasystole Pacemaker
Male 71 152 Syncope PAC Pacemaker

1 PAC: premature atrial contraction. 2 PVC: premature ventricular contraction. 3 NA: non-available. 4 AFl: atrial
flutter. 5 SR: sinus rhythm.

 

Figure 4. Example of two other mechanisms of pause-dependent atrioventricular blocks. The
telemetry strips show a counterclockwise isthmus-dependent flutter termination followed by PD-
AVB (upper panel). In the same patient (11 from Table 2), another episode could be recorded, induced
by a premature ventricular contraction. Surface ECG showed a PD-AVB episode induced by a His
extrasystole (arrow) as shown by the retrograde P wave visible (lower panel). A blocked premature
atrial contraction may not be ruled out (patient 13 in Table 2).
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4. Discussion

Our study is the first to report the prevalence of PD-AVB in a population of patients
admitted into a cardiac care unit for complete (or high-grade) AVB. While 4AVB was
considered a rare phenomenon, our study demonstrates a prevalence of 14%, reaching one
third if considering only patients with intermittent complete (or high-grade) AVB. Our
cohort of patients is representative of the prevalence of complete (or high-grade) AVB in
a University center with medium-to high-volume activity. Isolated descriptions or case
reports/case series have been published concerning PD-AVB, without further information
about its prevalence [7]. In our study population, no specific clinical or electrocardiographic
characteristics could be related to the occurrence of PD-AVB, in comparison with other
patients with complete AVB. Syncope was significantly more frequently present in patients
with PD-AVB, in comparison with patients without PD-AVB (86 versus 51%, p = 0.01).
To the best of our knowledge, our series is the second largest described with PD-AVB to
date. Of note, a recent case reported the possibility for conduction block to occur within a
bundle branch, and not within the AV node itself [12]. All previously published cases are
summarized in Table 2 [8].

Interestingly, our study is the first to report double distinct mechanisms recorded
within the same patient. Four patients presented with two distinct mechanisms of PD-
AVB: One patient had PVC-induced PD-AVB and a second episode without significant
increase in the PP intervals before AVB (from 690 to 710 ms), and without PR prolongation
(Figure 2); another patient presented PD-AVB sequences induced by PAC, and later by PVC
(Figure 3); the third patient presented an episode triggered by atrial flutter termination
and PVC-induced PD-AVB; the last patient presented PVC-induced PD-AVB and another
recorded episode with sinus rhythm acceleration (tachycardia-dependent AVB) (Figure 5).
Uhm et al. reported a dual mechanism in a patient presenting PD-AVB episodes induced by
a PAC, and SVT termination, but the later episode included the intervention of a temporary
pacemaker (not spontaneous) [6].

Lee et al. reported the largest bicentric series to date of paroxysmal AVB. Nevertheless,
both tachycardia-dependent AVB [5] and idiopathic paroxysmal AVB were not clearly
individualized in this initial description. Actually, a few years later, Brignole et al. described
a rare entity, and reported a series of 18 patients with idiopathic paroxysmal AVB, whose
mechanism is related to adenosine hypersensitivity [13,14].

To summarize, our suggestion for paroxysmal AVB classification may be as follows:

(1) “Extrinsic” vagally-mediated AVB characterized by significant PR prolongation or
Wenckebach before initiation of AVB, gradual slowing of the sinus rate (PP interval),
resumption of AV conduction with sinus acceleration, PP interval prolongation during
ventricular asystole. Often, a shortening of the PR interval compared to the last PR
interval with AV conduction before an AV block can be observed (upon withdrawal
of the vagal effect). A clinical history suggestive of heightened vagal tone is present.

(2) “Idiopathic” paroxysmal AVB involving a younger population (mean age 55 ± 19 years)
without cardiac and ECG abnormalities, without progression to persistent forms of
AVB, and with efficacy of cardiac pacing. AVB occurs with abrupt onset and delayed
emergence of an adequate escape rhythm without PP cycle lenghthening or PR inter-
val prolongation. A low baseline adenosine plasma level was found in this specific
population. This entity should remain a diagnosis of exclusion.

(3) “Intrinsic” AVB (suggesting AV conduction disease), which may be divided into four
categories: Congenital heart block; tachycardia-dependent AVB; PD-AVB; and finally
other acquired AVB when the preceding features/conditions are lacking (non-PD-AVB
group in our study) as shown in Figure 6. Progressive cardiac conduction disease
may be integrated into this last category, and refers to primary genetic degenerative
diseases of genetic origin (several mutations have been described, such as in SCN5A
of the cardiac sodium channel) [9]. Combined AVB initiation circumstances may be
encountered in this “intrinsic” AVB group.
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Figure 5. Example of pause-dependent atrioventricular block induced by a premature ventricular
contraction (arrow), and recorded with an implantable loop recorder. In the same patient, another
episode was preceded by sinus rhythm acceleration (from 760 to 740 ms) corresponding to tachycardia-
dependent atrioventricular block.

 

Figure 6. Twelve-lead ECG from an 82 year-old female patient admitted at the emergency department
for syncope with cerebral traumatism. The initial ECG shows sinus rhythm with 1 to 1 atrioventricular
conduction and complete right bundle branch block associated with left fascicular posterior block.
During ECG monitoring at the cardiac care unit, the patient developed an intermittent complete
“intrinsic” AVB episode. No trigger of PD-AVB was found in this patient, who was included in the
non-PD-AVB group.
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The main differences that may be seen between our population and Lee’s report are
that their population was significantly younger than ours (69 versus 84 ± 6 years-old)
with thinner QRS duration (123 ± 32 versus 132 ± 27 ms in our series). The authors also
reported that PAC was the main trigger of PD-AVB in 30% of the cases, PVC in 23%, His
extrasystole in 10%, and other variable mechanisms in 37%. Our results are in line with the
literature, because PAC were also found to be the most prominent trigger (two thirds).

Of note, in our series, two patients out of 14 with PD-AVB underwent a transcatheter
aortic valve intervention (TAVI) in their past medical history. According to the latest
European guidelines, early permanent cardiac pacing may be recommended in the case of
transient high-grade AVB during TAVI in patients with pre-existing RBBB [15,16]. Actually,
transitory AVB may usually be encountered during rapid ventricular pacing before valve
expansion. In this case, permanent pacemaker implantation could then be discussed if
baseline RBBB was present before the intervention. For patients with newly-developed
LBBB, an ambulatory ECG monitoring or electrophysiological study may be considered.

Limitations

This is a monocentric study with a limited number of patients. True prevalence of
PD-AVB could have been underestimated. No electrophysiological study was performed
in this elderly population with an indication of permanent cardiac pacing (syncope present
in 80% of the cases). Electrophysiological study is usually not recommended in the setting
of symptomatic complete AVB [16].

Of note, all our patients with PD-AVB received a dual-chamber pacemaker (with exclu-
sive right ventricular septal lead position). PD-AVB (once identified) usually occurs in diseased
His–Purkinje systems. Further studies are needed to confirm the usefulness/superiority of
conduction system pacing in these patients, as recently reported by Du et al. [4].

5. Conclusions

The prevalence of 4AVB was 14%, and may be underestimated. PD-AVB episodes
were more likely associated with syncope in comparison with patients without PD-AVB.
These patients may elicit multiple triggers of PD-AVB.
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Abstract: Background: Adequate contact between the catheter tip and tissue is important for optimal
lesion formation and, in some procedures, it has been associated with improved effectiveness and
safety. We evaluated the potential benefits of contact force-sensing (CFS) catheters during non-
fluoroscopic radiofrequency catheter ablation (NF-RFCA) of idiopathic ventricular arrhythmias
(VAs) originating from outflow tracts (OTs). Methods: A group of 102 patients who underwent NF-
RFCA (CARTO, Biosense Webster Inc., Irvine, CA, USA) of VAs from OTs between 2014 to 2018 was
retrospectively analyzed. Results: We included 52 (50.9%) patients in whom NF-RFCA was performed
using CFS catheters and 50 (49.1%) who were ablated using standard catheters. Arrhythmias were
localized in the right and left OT in 70 (68.6%) and 32 (31.4%) patients, respectively. The RFCA acute
success rate was 96.1% (n = 98) and long-term success during a minimum 12-month follow-up (mean
51.3 ± 21.6 months) was 85.3% (n = 87), with no difference between CFS and standard catheters.
There was no difference in complications rate between CFS (n = 1) and standard catheter (n = 2)
ablations. Conclusions: There is no additional advantage of CFS catheters use over standard catheters
during NF-RFCA of OT-VAs in terms of procedural effectiveness and safety.

Keywords: contact force; non-fluoroscopic ablation; outflow tracts; premature ventricular contrac-
tions; ventricular arrhythmias

1. Introduction

The non-fluoroscopic (NF) radiofrequency catheter ablation (RFCA) of idiopathic
ventricular arrhythmias (VAs) from outflow tracts (OTs) has a good effectiveness and safety
profile, but arrhythmia recurrence is not uncommon and may be observed in 4–12.5%
of the patients [1–5]. Activation mapping of ventricular OTs arrhythmias reveals focal
origin in most cases. Besides precise mapping, procedural success depends on good
ablation lesion formation. Multiple factors influence the optimal creation of lesions, some
of which are operator-dependent and include the type of energy source (e.g., cryoablation,
radiofrequency current), power setting, application duration, catheter tip orientation or
catheter type and size. Importantly, adequate contact between the catheter tip and tissue
plays an essential role in lesion formation [3,6,7]. Inadequate contact force (CF) will
decrease lesion size and reduce ablation effectiveness [8]. On the other hand, excessive
CF might lead to mechanical injury or tissue overheating, causing steam pop, which is
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a life-threatening complication [9,10]. Traditionally, evaluation of optimal CF has been
based on operator-dependent parameters such as tactile feedback, visual assessment of
catheter motion and physical parameters such as impedance drop, tip temperature value
or electrogram amplitude change during application. Unfortunately, those parameters
have a poor correlation with real CF during application and have a limited role in clinical
practice [6,8]. Introduction and validation of contact force-sensing catheters (CFS) capable
of real-time catheter tip–tissue contact force measurement have helped optimize lesion
formation and increase procedural safety [11,12]. The benefits of CFS catheters have been
previously proven in atrial fibrillation (AF) RFCA [11–13]. Due to outflow tract anatomy
and ventricular tissue thickness, especially in septal location, such as left ventricular
(LV) summit, optimal CF is theoretically very desirable, especially in the NF procedure.
However, published data are contradictory and recent studies revealed no advantage of
CFS guidance in fluoroscopic RFCA compared to standard open irrigated catheters of
OT-VAs [14,15]. Due to the increasing role of NF-RFCA, we aimed to evaluate the potential
benefits of open irrigated CFS catheters in RFCA of idiopathic VAs from OTs without
fluoroscopy guidance.

2. Materials and Methods

2.1. Patients

We retrospectively analyzed a group of 102 patients who between 2014 and 2018 un-
derwent NF-RFCA of premature ventricular contractions (PVC) from OTs. Procedures were
performed or supervised by operators experienced in NF and fluoroscopic RFCA. NF-RFCA
was defined as ablation performed without use of fluoroscopy (zero-fluoroscopy). The
choice of catheter type was left to the decision of the operator. Patients listed for RFCA had
idiopathic, symptomatic VAs with high daily PVC burden (generally minimum 10% PVC
per day) from the right or left ventricular OT (RVOT or LVOT), including arrhythmias
originating from aortic cusps. Antiarrhythmic medications were suspended 48 h before
the ablation. None of the patients was on amiodarone or sotalol before ablation. The CFS
catheters were used for mapping and ablation in 52 patients, while standard catheters were
without CFS in the remaining 50 patients. All patients provided written consent to undergo
the procedure. The local ethics committee waived the need for their opinion to perform the
study due to the retrospective character of the project (L.dz.OIL/KBL/82/2021). The study
protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki.

2.2. Mapping and Ablation Protocol

All ablations were guided by CARTO electroanatomic mapping system (Biosense
Webster Inc., Diamond Bar, CA, USA). In standard catheter group, 3.5 mm open irrigated
tip catheters (Biosense Webster Navistar Thermocool) were used, while in the remaining
patients 3.5 mm open irrigated-tip catheters with CFS (Thermocool SmartTouch®, Biosense
Webster, Irvine, CA, USA) were used. The setting of RF application parameters: energy in
RVOT 30–40 Wats (W), in LVOT 20–30 W, the flow of irrigation: of 15–30 mL/min, time
of application (60 s), temperature limits (max 45 ◦C) were the same in both groups. RF
applications were performed at the CF target in the CFS group, i.e., between 10–30 g. To
determine the PVC origin, activation mapping was used to look for the earliest endocardial
potential advancing QRS during PVC. Additionally, in the earliest activation spot, pace-
mapping was applied to confirm PVC localization with PVC compatibility of at least
95% of the complexes analyzed by electrophysiological recording system (LABSYSTEM™
PRO, Boston Scientific, Marlborough, MA, USA) with as low as possible pacing output
(1–2 mV/0.5 ms over pacing capture loss, max. pacing output 12 mV/0.5 ms), Figure 1.
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Figure 1. A. Activation map of premature ventricular contraction (PVC) from right ventricular
outflow tract-RVOT (CARTO Biosense Webster Inc., Irvine, CA, USA) performed without fluoroscopy.
First stage of the procedure is FAM of IVC and CF sensor calibration (if used). Second stage is
His potential (yellow dot) localization and performance of respiratory gating. The third stage is
performance of point-by-point activation mapping supported with pace-mapping. In showed case,
earliest endocardial potential advancing PVC-QRS-30 ms (with automatic reference annotation)–spot
of RF application, blue dot-a spot of optimal pace-mapping with compatibility with PVC > 95%.
White dots–PV marked. AP and RAO projections. Abbreviations: CF, contact force; FAM, fast anatomical
mapping; IVC, inferior vena cava; PVC, premature ventricular contraction; PV, pulmonary valve.

The technique of NF-RFCA was described previously [5]. CFS catheters were cali-
brated to set the baseline value before mapping and ablation in inferior vena cava (1–2 cm
below right atrium) or in descending aorta (1–2 cm below aortic arch), depending on
venous or arterial approach.

During the RFCA of RVOT-VAs, a single or double (for coronary sinus diagnostic
electrode) femoral vein puncture was performed. In left-sided arrhythmias, single femoral
artery access was obtained. In some cases, both right and left access was used. The
procedure was performed under local anesthesia or conscious sedation, if necessary.

The acute (short-term) efficacy of RFCA was defined as no recurrent PVCs after 15 min
from the last RF application. The patients were challenged with isoproterenol only in
those cases where PVCs required pharmacological induction before ablation. A minimum
12-month follow-up period was required. Long-term efficacy was defined as a significant
arrhythmia reduction (over 80% reduction of arrhythmia burden) after at least three months
in repeated 24-h ECG monitoring (every 6–12 months). Antiarrhythmic medication was
not continued after ablation, except beta-blockers or calcium blockers if used for another
indication, i.e., hypertension. Antiarrhythmics were introduced in the case of symptomatic
arrhythmia recurrence. All necessary medical follow-up data (12 lead ECG, 24-h Holter
ECG, repeat ablation information) were obtained from outpatient medical records.
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2.3. Twenty-Four-Hour Holter Monitoring and Echocardiography

Twenty-four-hour Holter ECG monitoring was performed before ablation, three
months after RF ablation, and at least once a year after this period. ECG recordings
were performed according to the Polish Cardiac Society Guidelines [16].

Transthoracic echocardiography (TTE) was performed in all patients. Exams were
done with Vivid S6 (GE Healthcare, Chicago, IL, USA) device, according to the European
Association for Cardiovascular Imaging (EACVI) and Polish guidelines at the time of
patient enrollment [17].

2.4. Statistical Analysis

Continuous variables are presented as means and standard deviations (SD) or medians
and interquartile ranges, as appropriate, and were compared using the Student’s t-test
or the Mann–Whitney U test. Categorical variables are expressed as absolute numbers
and frequencies and were compared with the chi-square test, including Yates’ correction
for continuity or Fisher’s exact test. The graphic presentation of the long-term premature
ventricular contraction ablation success is shown using Kaplan–Meier curves, which were
compared using the log-rank test. All statistical tests were 2-tailed, and a p < 0.05 was
considered statistically significant. Data were analyzed using IBM SPSS Statistics Version
25.0 software (IBM Corp, Armonk, NY, USA).

3. Results

3.1. Baseline Patients’ Characteristic

The study included 102 patients, 52 (50.9%) had CFS guided RFCA and 50 (49.1%) RFCA
using standard catheters. In 2014, only standard catheters were used for RFCA, but from
2016, CFS catheters started to be used more often than standard ones. The distribution of
used catheter types during the years is presented in Figure 2.

 

Figure 2. Distribution of ablation catheters type over time. Abbreviations: CFS—contact force-sensing.

The mean age of the patients was 43.4 years (SD 14.8); 63 (61.8%) were female. PVCs
were originating from RVOT and LVOT in 70 (68.6%) and 32 (31.4%) patients, respectively.
In 17 cases (16.7%), the procedure was performed as a re-do ablation (5 cases (10.0%) in
standard group and 12 cases (23.1%) in CFS group, p = 0.132). The patients’ age, comorbidi-
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ties such as hypertension, coronary artery disease, and diabetes mellitus, and history of AF
and medical therapy at baseline and during follow-up were similar in CFS and standard
catheter groups. Detailed patients’ baseline characteristics are presented in Table 1.

Table 1. Patient characteristics.

Variable
Total

(n = 102)
Standard Catheter Ablation

(n = 50)
CFS Catheter Ablation

(n = 52)
p-Value

Age (years) 42.0 (32.7–55.0) 42.0 (32.7–53.5) 42.0 (32.2–55.7) p = 0.987
Female, n (%) 63 (61.8) 29 (58.0) 34 (65.4) p = 0.443

RVOT PVCs origin, n (%) 70 (68.6) 35 (70) 35 (67.3) p = 0.770
LVOT PVCs origin, n (%) 32 (31.4) 15 (30) 17 (32.7)

Hypertension, n (%) 27 (26.5) 13 (26.0) 14 (26.9) p = 0.916
History of CAD, n (%) 12 (11.8) 6 (12.0) 6 (11.5) p = 0.942

Diabetes mellitus, n (%) 5 (4.9) 4 (8.0) 1 (1.9) p = 0.200
Presence of CIED, n (%) 2 (2.0) 2 (4.0) 0 (0.0) p = 0.238

History of AF, n (%) 2 (2.0) 0 (0.0) 2 (3.8) p = 0.495
Invasive correction of atrial septal defect *, n (%) 2 (2.0) 1 (2.0) 1 (1.9) p > 0.99

Beta blocker, n (%) 26 (25.5) 12 (24.0) 14 (26.9) p = 0.735
Calcium-channel blocker **, n (%) 3 (2.9) 2 (4.0) 1 (1.9) p = 0.614

Propafenone, n (%) 11 (10.8) 7 (14.0) 4 (7.7) p = 0.305
Number of antiarrhythmic drugs after ablation 0.0 (0.0–1.0) 0.0 (0.0–1.0) 0.0 (0.0–1.0) p = 0.605

Data are presented as median (Q1–Q3) or number (percentage). Abbreviations: AF—atrial fibrillation;
BMI—body mass index, CAD—coronary artery disease; CIED—cardiac implantable electronic device;
CFS—contact force-sensing. * Interatrial septal occluder or surgical correction, ** Verapamil or diltiazem.

3.2. Procedural Characteristic and Ablation Effectiveness

The median procedural time was 85 min (Q1–Q3 65.0–100.7 min) and was significantly
longer in the CFS group (90.0 min, Q1–Q3 70.0–120.0 min) compared with the standard
catheter group (80.0 min, Q1–Q3 65.0–90.0 min) (p = 0.029). Notably, neither the site of the
procedure (RVOT/LVOT) nor procedural time varied significantly between groups (Table 2).

Table 2. Procedural parameters and complications.

Parameter
Total

(n = 102)
Standard Catheter Ablation

(n = 50)
CFS Catheter Ablation

(n = 52)
p-Value

Duration of procedure (min) 85.0 (65.0–100.7) 80.0 (65.0–90.0) 90.0 (70.0–120.0) p = 0.029
Duration of procedure in only RVOT ablation site (min) 80.0 (60.0–106.2) 70.0 (65.0–85.0) 85.0 (60.0–120.0) p = 0.074
Duration of procedure in only LVOT ablation site (min) 90.0 (76.2–100.0) 90.0 (75.0–96.0) 96.0 (76.0–125.0) p = 0.261

Re-ablation at baseline, n (%) 17 (16.7) 5 (10) 12 (23.1) p = 0.132
Use of isoproterenol, n (%) 21 (20.6) 11 (22.0) 10 (19.2) p = 0.730
Overall acute success, n (%) 98 (96.1) 48 (96.0) 50 (96.2) p > 0.99
RVOT acute success, n (%) 68 (97.1) 34 (97.1) 34 (97.1) p > 0.99
LVOT acute success, n (%) 30 (93.7) 14 (93.3%) 16 (94.1) p > 0.99

Overall long-term success, n (%) 87 (85.3) 41 (82.0) 46 (88.5) p = 0.357
RVOT long-term success, n (%) 61 (87.1) 29 (82.9) 32 (91.4) p = 0.477
LVOT long-term success, n (%) 26 (81.2) 12 (80.0) 14 (82.3) p > 0.99

Complications, n (%) 3 (2.9) 2 (4.0) 1 (1.9) p = 0.614
Duration of follow-up (months) 52.5 (34.5–69.5) 69.5 (46.2–77.5) 40.0 (24.0–56.7) p < 0.001

Data are presented as median (Q1–Q3) or number (percentage). Abbreviations: CFS—contact force-sensing;
LVOT—left ventricular outflow tract; RVOT—right ventricular outflow tract.

The overall acute success was 96.1% (n = 98), and it did not differ between CFS (96.2%)
and standard (96.0%) RFCA (p > 0.99) in the whole group and in patients with RVOT or
LVOT arrhythmia origin considered separately (Table 2 and Figure 3).

In the follow-up of 51.3 months (SD 21.6 months), long-term success was achieved
in 85.3% (n = 87) of patients, and there was no difference between patients ablated using
CFS (88.5%) and standard (82.0%) catheters (p = 0.357). The long-term success of RFCA
was similar in CFS and the standard catheter group and did not depend on LVOT or RVOT
PVCs origin (Figure 4).

In addition, there was no significant difference in long-term success between standard
and CFS catheters (Figure 5).
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Figure 3. Premature ventricular contraction ablation acute success according to catheter type and
arrhythmia localization. Abbreviations: CFS—contact force-sensing; LVOT—left ventricular outflow
tract; RVOT—right ventricular outflow tract.

 

Figure 4. Premature ventricular contraction ablation long-term success according to catheter type
and arrhythmia localization. Abbreviations: CFS—contact force-sensing; LVOT—left ventricular
outflow tract; RVOT—right ventricular outflow tract.
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Figure 5. Kaplan–Meier curves of the long-term ablation success of the premature ventricular
contractions according to catheter type and arrhythmia localization. (A) overall, (B) RVOT group,
(C) LVOT group. Abbreviations: CFS—contact force-sensing; LVOT—left ventricular outflow tract;
RVOT—right ventricular outflow tract.
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However, the median follow-up was significantly shorter in the CFS group than in
the standard catheter group (40.0 months vs. 69.5 months, p < 0.001). Detailed results are
presented in Table 2.

3.3. Complications

There was no difference in complication rate between CFS and standard catheter
ablations (p > 0.99). However, there were three (2.9%) major perioperative complications:
one pseudoaneurysm after femoral artery access in standard catheters group (treated by
thrombin injection) and two patients developed pericarditis in CFS catheters group. In one
case after ablation in the aortic root and in the second case after ablation in the tricuspid
valve region. In one case, pericarditis required pharmacotherapy. In the second case,
despite medication use (ibuprofen and colchicine), the patient required pericardiocentesis
two weeks later due to the symptomatic pericardial effusion (sub-acute perforation could
not be excluded).

4. Discussion

To the best of our knowledge, this is the first study evaluating the role of CFS catheters
in RFCA OT-VAs without fluoroscopy. Recent publications have demonstrated the safety
and efficacy of NF-RFCA in OT arrhythmias, but the role of CFS catheters in this set-
ting is unknown [1,4,5]. The results of our study show no advantages of CFS over
standard catheters in NF-RFCA of OT-VAs, in keeping with previous publications con-
cerning the same arrhythmia type but performed with fluoroscopy guidance [14,15,18].
Reichlin et al. [14] and Abraham et al. [15] compared the effectiveness and safety of CFS vs.
standard catheters and showed similar outcomes in LVOT and RVOT arrhythmia ablation.
In other studies, the use of CFS catheters only shortened a procedural, fluoroscopy and
ablation time [18]. Conversely, we observed a longer procedural time in the CFS guidance
group which might be explained by often time-consuming attempts to achieve intended
CF (>10 g) with relatively stiffer CFS catheters compared to standard ones and also time
needed for CFS catheters calibration, which should be done after CFS catheter introduction
and every time when the operator makes a decision to map and/or ablate another ventricle
during NF-RFCA of OT-VAs. Nevertheless, the lack of apparent benefit of CFS catheters
in OT-VAs seems surprising if we consider the well-studied advantages of CFS catheters
in RFCA of AF. TOCCATA [19] was the first study that showed the value of optimal CF
on pulmonary vein isolation effectiveness. All patients treated with an average CF of
<10 g experienced AF recurrences, unlike patients with CF > 20 g who were free of AF in
12-month follow-up. Furthermore, TOCCASTAR, a prospective randomized multicenter
trial, confirmed the usefulness of CFS catheters and the correlation between optimal CF
and pulmonary vein isolation effectiveness. Notably, the improved procedural outcomes
were evident when >90% of applications were in the optimal range with a minimum of 10 g.
For VA ablation there is lack of such strong data indicating a clear CF cut off needed for
procedural outcome improvement. In a recent retrospective study by Abraham et al. [15]
(CFS catheters n = 75 vs. standard catheters n = 75), the median CF was 12.0 (9.5–18.5) g and
did not differ significantly between acute success and failure. Larger studies regarding op-
timal CF in VAs ablation would be valuable. Besides CF value, used CFS catheters provide
information on catheter tip direction and angle in relation to cardiac tissue (pointing vector).
Standard catheters, used in the current study, show only the information on tip direction
relative to the operator coded by color of the catheter, which is less intuitive and clear.

Acute and long-term pulmonary vein isolation efficiency depends mainly on durable,
transmural and continuous (dense) ablation lines in the left atrium, while a fundamental
goal is an optimal lesion formation for RF ablation. Distinctly for idiopathic OT-VAs,
lesion transmurality is not usually necessary for ablation success. Moreover, it is nearly
impossible to achieve it even with a high CF. Additionally, a curvier catheter route to RVOT
or LVOT and, connected with it, more difficult mapping process compared to transseptal
(straight) left atrium access might favor stiffer CFS catheters in AF ablations. Based on
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the present findings and recently published data, we speculate that the most critical step
in idiopathic OT-VAs is a very detailed mapping process. It appears that CFS guidance
impacts neither this process nor RF application efficiency to a significant degree. However,
in a case of questionable PVC origin (RVOT or LVOT), information of appropriate CF
during unsuccessful RF application might be useful, pointing towards the necessity for
further mapping in other localizations (another OT) or use of an epicardial approach due to
deep (from the endocardium) PVC origin. The epicardial region is mainly reached via the
venous system using a coronary sinus. Deep arrhythmia foci rarely require ablation from
the left and right OTs or with simultaneous bipolar ablation. In contrast, during substrate
mapping in patients with structural heart disease, point acquisition requires sufficient CF to
create an adequate voltage map without false low-voltage zones [20]. The minimum value
of optimal CF during the systolic/diastolic phase (to obtain contact) has been estimated at
9 g and 8 g for RV and LV, respectively [20].

The CFS technology should also provide safety during RFCA. In NF-RFCA the op-
erator relies only on catheter visualization in 3 D mapping systems and information of
real-time CF might be potentially very important. Excessive CF during mapping and
ablation might produce cardiac or vessel injury leading to massive bleeding or tamponade.
Those major complications are rare but potentially life-threatening. Real-time CF mea-
surement gives the operators (especially those inexperienced) confidence throughout the
process of catheter insertion, mapping and RF application, mainly when RFCA is performed
without fluoroscopy guidance, but we showed that it did not impact on procedural safety.
Standard catheters are less stiff and more steerable with the right level the CF information.
In an ex vivo swine model study, Shah et al. [21] defined lower minimum perforating forces
in the right and left ventricle, at 159 g and 227 g, respectively. Those values were lower in
previously ablated tissue, and, additionally, time to perforation was shorter when catheters
were introduced by a steerable long sheath [21]. Otherwise, in VAs ablations, increasing CF
and power during RF application might cause steam pops and lead to cardiac perforation,
embolic stroke and ventricular septal defect, which have been reported to be more likely
than mechanical perforation [22,23].

According to Akca et al.’s meta-analysis concerning different types of ablations, the
impact of CFS catheters on procedural safety was demonstrated only in AF [24]. Addi-
tionally, in the TOCCATA study, cardiac perforation was linked to excessive CF based
on blinded CFS measurements [19]. On the contrary, in previously published data and
our study results, there is no evidence of the significant implication of the CFS catheter
on safety during ventricular RFCA, independent of the presence of structural heart dis-
ease, arrhythmia localization, or fluoroscopy use [14,15,18,24–26]. Novel techniques are
introduced in cardiac electrophysiology [27]. The use of non-fluoroscopic imaging during
catheter ablation is more frequently used than before [28,29]. It may be speculated that CFS
catheters might be of special value in this setting in patients with congenital heart disease,
while in the case of ventricular arrhythmias originating from left ventricle, there may be
limited additional benefit in patients with left ventricular hypertrophy.

Limitations of the Study

The primary study limitation is a relatively small patient group (especially those with
LVOT PVCs origin). There was a trend towards higher success rate using CFS catheters dur-
ing RVOT-VA ablations, which was not statistically significant probably due to a relatively
small group of investigated patients. The study had retrospective design and there was no
randomization of ablations using CFS catheters and standard catheters. Furthermore, an
important limitation of this study was that the decision of using CFS or standard catheters
was based on the choice of each operator. The proportion of CFS catheters has generally
increased during recent years and is not equal to standard catheters in particular years.
Additionally, there is no information on CF during applications but only the targeted value
of optimal contact and the number of RF applications in both groups (power and time
settings were the same).
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5. Conclusions

The results of our study show no additional advantages of CFS catheters during NF-RFCA
of OT-VAs compared to standard catheters regarding procedural effectiveness and safety.
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Abstract: The prognostic role of early (less than 48 h) resuscitated cardiac arrest (ErCA) complicating
acute myocardial infarction (AMI) is still controversial. The present study aimed to analyse the
short-term and one-year outcomes of patients after ErCA and late resuscitated cardiac arrest (LrCA)
compared to patients without cardiac arrest (CA) complicating AMI. Data from the prospective
nationwide Polish Registry of Acute Coronary Syndromes (PL-ACS) were used to assess patients
with resuscitated cardiac arrest (rCA) after AMI. Baseline clinical characteristics and the predictors of
all-cause death were assessed. The all-cause mortality rate, complications, performed procedures,
and re-hospitalisations were assessed for the in-hospital period, 30 days after discharge, and 6- and
12-month follow-ups. Among 167,621 cases of AMI, CA occurred in 3564 (2.1%) patients, that is, 3100
(87%) and 464 (13%) patients with ErCA and LrCA, respectively. The mortality rates in the ErCA vs.
LrCA and CA vs. non-CA groups were as follows: in-hospital: 32.1% vs. 59.1% (p < 0.0001) and 35.6%
vs. 6.0% (p < 0.0001); 30-day: 2.2% vs. 3.2% (p = 0.42) and 9.9% vs. 5.2% (p < 0.0001); 6-month: 9.2% vs.
17.9% (p = 0.0001) and 12.3% vs. 21.1% (p < 0.0001); and 12-month: 12.3% vs. 21.1% (p = 0.001) and 13%
vs. 7.7% (p < 0.0001), respectively. ErCA (hazard ratio (HR): 1.54, confidence interval (CI):1.28–1.89;
p < 0.0001) and LrCA (HR: 2.34, CI: 1.39–3.93; p = 0.001) increased the risk of 12-month mortality.
During the 12-month follow-up, patients after LrCA more frequently required hospitalisation due to
heart failure compared to patients after ErCA. ErCA was related to a higher hospitalisation rate due
to coronary-related causes and a higher rate of percutaneous coronary intervention. An episode of
LrCA was associated with higher in-hospital and long-term mortality compared to ErCA. ErCA and
LrCA were independent risk factors for one-year mortality.

Keywords: acute coronary syndrome; cardiac rehabilitation; sudden cardiac death; life-threatening
ventricular arrhythmia; early and late cardiac arrest; secondary prevention of sudden cardiac death

1. Introduction

In recent decades, the incidence of cardiac arrest (CA) prior to hospital admission has
decreased due to the fast reperfusion strategy and pharmacotherapy [1,2]. Despite this,
acute myocardial infarction (AMI) is still the leading cause of life-threatening ventricular
arrhythmias and CA [1,3,4]. Approximately 6–8% of patients develop hemodynamically
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unstable sustained ventricular tachycardia (VT) or ventricular fibrillation (VF) during the
acute phase of AMI [1]. The predictors of CA differ regarding the time after AMI onset [5].
The in-hospital mortality rate of AMI is 10.5%, and it depends mainly on age and baseline
clinical presentation (e.g., signs of heart failure, completeness of coronary revascularisation,
and the occurrence of CA) [6]. CA requires an early introduction of guideline-recommended
therapy and qualification for an implantable cardioverter–defibrillator (ICD) for the sec-
ondary prevention of sudden cardiac death (SCD), usually in patients presenting with CA
occurring 48 h after AMI onset [1]. The available data suggest that patients after resus-
citated CA (rCA) during hospitalisation for AMI are at a higher risk of in-hospital and
post-discharge adverse events [7]. However, the prognostic role of early rCA (ErCA) (less
than 48 h from the onset of AMI), particularly in long-term observations, is still controver-
sial, and new biomarkers could improve risk stratification [8]. It is postulated that early CA
is related to possible reversible causes of CA, such as acute ischemia, acute heart failure,
and/or electrolyte disturbances, inducing malignant ventricular arrhythmia, and it has no
impact on long-term prognosis, similar to patients without a CA episode [9].

Further data on the significance of ErCA are warranted for better early and long-
term risk stratification. The present study aimed to compare the short-term and 12-
month outcomes of patients after ErCA and late rCA (LrCA) to patients without CA
complicating AMI.

2. Methods

2.1. Study Design

Data from the prospective nationwide Polish Registry of Acute Coronary Syndromes
(PL-ACS) from 2005 to 2014 were used for the analysis. The registry was designed to
gather comprehensive data on the management and long-term outcomes of AMI patients in
Poland. A detailed description of the database and the methods used have been previously
published [10]. In brief, the ongoing registry is linked to the government and National
Health Fund data, which is the only public healthcare insurer in Poland. Data were
collected using questionnaires, including demographics, medical history, clinical condition
on admission, type of AMI, related procedures, and treatment. The all-cause mortality
rate was assessed for the in-hospital period, 30 days after discharge, and 6-month and
12-month follow-ups. At the one-year follow-up, data on re-hospitalisations (e.g., heart
failure, recurrent AMI or CA, stroke), procedures (e.g., coronary angiography, percutaneous
coronary intervention (PCI), coronary artery bypass grafting (CABG), ablation, cardiac
device implantation), and cardiac rehabilitation were gathered. For one-year outcome
analyses, only patients with CA after AMI, who survived the index hospitalisation, were
included. All analyses were performed for patients with CA (ErCA and LrCA), as well as
for patients without CA complicating AMI.

The present study is a retrospective analysis of the prospective Polish Registry of
Acute Coronary Syndromes (PL-ACS), which is a nationwide official government registry
within the Polish health system: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=
WDU20180001063 (accessed on 2 December 2021). Therefore, official approval of the study
was not required from the Ethics Committee.

2.2. Definitions

ErCA patients were defined as those with CA within the first 48 h of AMI onset,
regardless of whether the CA appeared during the pre-hospital or in-hospital phase. LrCA
patients were defined as those with CA after the first 48 h of the onset of AMI.

2.3. Statistical Analysis

Continuous variables were presented as means (SD) or median values and interquartile
ranges (IQRs) and compared between the groups by means of a Student’s t-test or Mann–
Whitney U test according to data distribution, respectively. Categorical data were presented
as numbers of patients and percentages and compared with the use of the χ2 test with
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Pearson modification. Logistic regression was used to define predictors of in-hospital
mortality and rCA occurrence during AMI among survivors.

The associations between the analysed groups and follow-up outcomes were analysed
using the unadjusted and adjusted Kaplan–Meier method for multiple group comparisons.
Adjusted survival and hazard ratios were calculated using the inverse probability method.
A p value of less than 0.05 was considered statistically significant. All reported p values
are two-sided. Analyses were performed with the use of Statistica version 13 (TIBCO
Software Inc., Palo Alto, CA, USA (2017)) and R version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

3.1. Study Population

The study included 167,621 cases of AMI from the 2009–2014 period. CA occurred
in 3564 (2.1%) patients, that is, 3100 (87%) and 464 (13%) patients with ErCA and LrCA,
respectively. Compared to the non-CA group, patients with an rCA episode were younger,
more predominantly male, smokers, and more likely to have a diagnosis of STEMI, and
they had more intra-hospital complications. In addition, compared to the non-CA group,
patients after rCA were more likely to have a history of stroke, ischemic heart disease, and
heart failure chronic obstructive pulmonary disease. Patients with rCA less frequently
had a history of hypertension, hypercholesterolemia, and a previous AMI compared to the
non-CA group (Table S1).

From the ErCA group and the LrCA group, 2106 patients and 190 patients, respectively,
survived until discharge from the hospital. There was no difference between the groups
regarding gender. The LrCA patients were older (67.9 (±12.3) vs. 63.1 (±11.5) years old
(p < 0.001)), had a lower left ventricular ejection fraction (38 (±13) vs. 44 (±12)%), and a
longer hospital stay, and they more often required implantation of a pacemaker or ICD
during the index hospitalisation compared to the ErCA patients. In the ErCA group,
myocardial infarction with ST-segment elevation was more frequent, while in the LrCA
group, myocardial infarction without ST-segment elevation was more frequent. The ErCA
patients were more likely to have Killip–Kimball class 4 during hospitalisation, as well as
coronary angiography. Additionally, the LrCA group had a pulmonary oedema, recurrent
AMI, and massive bleeding with blood transfusion episodes more often during the index
hospitalisation. Both groups received optimal guideline-recommended therapy. There was
no difference in pharmacotherapy at discharge, except for diuretics, vitamin K antagonists,
and antidiabetic medications, which were more commonly prescribed in the LrCA group.
The detailed clinical characteristics of both groups are presented in Tables 1–4.

Table 1. Baseline clinical characteristics of patients without cardiac arrest and with ErCA and LrCA
after acute myocardial infarction (only patients who were discharged after index hospitalisation).

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Age, years, mean (SD) 65.8 (11.9) 63.5 (11.7) <0.0001 63.1 (11.5) 67.9 (12.3) <0.0001
Age ≥ 65 years 80,187 (52%) 990 (43.1%) <0.0001 875 (41.6%) 115 (60.5%) <0.0001
Age ≥ 75 years 41,892 (27.2%) 476 (20.7%) <0.0001 413 (19.6%) 63 (33.2%) <0.0001
Age ≥ 85 years 7548 (4.9%) 68 (3%) <0.0001 52 (2.5%) 16 (8.4%) <0.0001

Male gender 98,794 (64.1%) 1578 (68.9%) <0.0001 1449 (68.9%) 129 (67.9%) 0.77
From home admission 88,130 (57.2%) 1461 (63.7%) <0.0001 1344 (63.9%) 117 (61.6%) 0.53

Transfer from other hospital 66,041 (42.8%) 834 (36.3%) <0.0001 761 (36.2%) 73 (38.4%) 0.53
Hipercholesterolemia 64,577 (41.9%) 879 (38.3%) 0.0006 798 (37.9%) 81 (42.6%) 0.2

Hypertension 112,427 (72.9%) 1440 (62.7%) <0.0001 1311 (62.3%) 129 (67.9%) 0.12
Obesity 31,882 (20.7%) 445 (19.4%) 0.13 402 (19.1%) 43 (22.6%) 0.24

Diabetes mellitus 38,799 (25.9%) 474 (21.5%) <0.0001 406 (20.1%) 68 (37%) <0.0001
Smoking (current or past) 91,654 (59.4%) 1480 (64.5%) <0.0001 1371 (65.1%) 109 (57.4%) 0.033

Current smoker 45,942 (29.8%) 800 (34.8%) <0.0001 761 (36.1%) 39 (20.5%) <0.0001
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Table 1. Cont.

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Ischemic heart disease
diagnosed before AMI 21,800 (14.1%) 394 (17.2%) <0.0001 347 (16.5%) 47 (24.7%) 0.004

Family history of CAD 17,452 (11.3%) 266 (11.6%) 0.68 239 (11.4%) 27 (14.2%) 0.24
History of heart failure 11,821 (7.7%) 215 (9.4%) 0.002 182 (8.6%) 33 (17.4%) <0.0001

History of stroke 5689 (3.7%) 114 (5%) 0.001 104 (4.9%) 10 (5.3%) 0.84
Chronic kidney disease 9256 (6%) 149 (6.5%) 0.33 122 (5.8%) 27 (14.2%) <0.0001

Peripheral artery disease 7026 (4.6%) 122 (5.3%) 0.084 111 (5.3%) 11 (5.8%) 0.76
Chronic obstructive
pulmonary disease 6031 (3.9%) 120 (5.2%) 0.0013 107 (5.1%) 13 (6.8%) 0.3

Prior myocardial infarction 19,708 (12.8%) 259 (11.3%) 0.036 364 (17.3%) 39 (20.5%) 0.26
Prior PCI 27,128 (17.6%) 403 (17.6%) 0.97 232 (11%) 27 (14.2%) 0.18

Prior CABG 5090 (3.3%) 80 (3.5%) 0.62 72 (3.4%) 8 (4.2%) 0.57
NSTEMI 83,073 (53.9%) 721 (31.4%) <0.0001 645 (30.6%) 76 (40%) 0.008
STEMI 71,194 (46.1%) 1575 (68.6%) <0.0001 1461 (69.4%) 114 (60%) 0.008

CA before admission 0 (0%) 1169 (50.9%) <0.0001 1160 (55.1%) 9 (4.7%) <0.0001
ECG heart rate, bpm, mean (SD) 79.1 (24.3) 846 (27.7) <0.0001 84.3 (27.7) 88 (28.1) 0.078

Sinus rhythm 140,391 (91.6%) 1918 (83.6%) <0.0001 1775 (84.4%) 143 (75.3%) 0.0012
Atrial fibrillation 8692 (5.7%) 197 (8.6%) <0.0001 167 (7.9%) 30 (15.8%) 0.0002

Other rhythm 2421 (1.6%) 147 (6.4%) <0.0001 136 (6.5%) 11 (5.8%) 0.72
Normal QRS 127,755 (83.5%) 1765 (77.4%) 0.0012 1625 (77.7%) 140 (74.1%) 0.25

LBBB 5843 (3.8%) 117 (5.1%) 0.057 106 (5.1%) 11 (5.8%) 0.65
RBBB 5255 (3.4%) 95 (4.2%) <0.0001 81 (3.9%) 14 (7.4%) 0.02

Other QRS abnormalities 14,184 (9.3%) 303 (13.3%) <0.0001 279 (13.3%) 24 (12.7%) 0.8
Normal ST segment 12,279 (8%) 79 (3.4%) <0.0001 66 (3.1%) 13 (6.8%) 0.007

ST-segment elevation 69,412 (45.2%) 1526 (66.5%) <0.0001 1422 (67.6%) 104 (54.7%) 0.0003
ST-segment depression 36,818 (24%) 359 (15.6%) <0.0001 320 (15.2%) 39 (20.5%) 0.053

Negative T waves 14,164 (9.2%) 87 (3.8%) <0.0001 77 (3.7%) 10 (5.3%) 0.27
Other ST-segment abnormalities 19,835 (12.9%) 233 (10.2%) <0.0001 209 (9.9%) 24 (12.6%) 0.24

Systolic BP, mmHg,
median (IQR) 140 (120–155) 120 (100–140) <0.0001 120 (100–140) 130 (110–142) 0.11

Killip class 1 12,1579 (79.3%) 1217 (53.1%) <0.0001 1107 (52.6%) 110 (57.9%) 0.16
Killip class 2 20,415 (13.3%) 501 (21.8%) <0.0001 451 (21.4%) 50 (26.3%) 0.12
Killip class 3 3728 (2.4%) 118 (5.1%) <0.0001 106 (5%) 12 (6.3%) 0.45
Killip class 4 1988 (1.3%) 370 (16.1%) <0.0001 361 (17.2%) 9 (4.7%) <0.0001

Abbreviations: ACE-I—angiotensin-converting enzyme inhibitor; AMI—acute myocardial infarction; ARB—
angiotensin receptor blocker; CA—cardiac arrest; CABG—coronary artery bypass grafting; CAD—coronary
artery disease; ErCA—early resuscitated cardiac arrest; CRT-D—cardiac resynchronisation therapy defibrillator;
CRT-P—cardiac resynchronisation therapy pacemaker; Cx—circumflex artery; IABP—intra-aortic balloon pump;
ICD—implantable cardioverter–defibrillator; ECG—electrocardiogram; IQR—interquartile range; LAD—left
anterior descending; LBBB—left bundle branch block; LM—left main; LMWH—low-molecular-weight heparin;
LrCA—late resuscitated cardiac arrest; NSTEMI—nonST-segment myocardial infarction; PCI—percutaneous
coronary intervention; RCA—right coronary artery; RBBB—right bundle branch block; rCA—resuscitated cardiac
arrest; SD—standard deviation; STEMI—ST-segment myocardial infarction; TIMI—the thrombolysis in myocardial
infarction risk score; VSD—ventricular septal defect.

Table 2. In-hospital treatment and procedures of patients without cardiac arrest and with ErCA and
LrCA after acute myocardial infarction (only patients who were discharged after index hospitalisation).

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Thrombolysis 521 (0.4%) 23 (11%) <0.0001 20 (1%) 3 (1.7%) 0.39
Glycoprotein IIb/IIIa inhibitors 33,532 (21.7%) 881 (38.4%) 0.0032 814 (38.7%) 67 (35.3%) 0.36

Anticoagulation (not associated with PCI) 79,366 (51.8%) 1259 (54.9%) 0.013 1147 (54.5%) 112 (59%) 0.24
Coronary angiography 141,438 (91.7%) 2137 (93.2%) 0.7 1967 (93.5%) 170 (89.5%) 0.036

Infarct-related artery—RCA 42,924 (30.3%) 759 (35.5%) <0.0001 708 (36%) 51 (30%) 0.2
Infarct-related artery—LM 2877 (2%) 74 (3.5%) 0.00031 63 (3.2%) 11 (6.5%) 0.025

Infarct-related artery—LAD 48,046 (34%) 806 (37.7%) <0.0001 730 (37.1%) 76 (44.7%) 0.049
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Table 2. Cont.

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Infarct-related artery—Cx 27,891 (19.7%) 342 (16%) 0.29 321 (16.3%) 21 (12.4%) 0.18
Infarct-related artery—bypass 1530 (1.1%) 18 (0.8%) <0.0001 16 (0.8%) 2 (1.2%) 0.62

PCI 118,119 (76.6%) 1956 (85.2%) <0.0001 1802 (85.6%) 154 (81.1%) 0.096
TIMI 1 before PCI 72,425 (63.1%) 1450 (77.7%) <0.0001 1344 (78.5%) 106 (68.8%) 0.006
TIMI 3 after PCI 107,885 (93.6%) 1704 (91.3%) 0.044 1569 (91.6%) 135 (87.7%) 0.098

CABG 4297 (2.8%) 48 (2.1%) <0.0001 46 (2.2%) 2 (1.1%) 0.44
Pacemaker 810 (0.5%) 36 (1.6%) <0.0001 28 (1.3%) 8 (4.2%) 0.0022

ICD 243 (0.2%) 60 (2.6%) <0.0001 34 (1.6%) 26 (13.7%) <0.0001
CRT-D 25 (0%) 7 (0.3%) <0.0001 6 (0.3%) 1 (0.5%) 0.91

ICD or CRT-D 268 (0.2%) 67 (2.9%) <0.0001 40 (1.9%) 27 (14.2%) <0.0001
Blood transfusion 4912 (3.2%) 213 (9.3%) <0.0001 171 (8.1%) 42 (22.1%) <0.0001

Ablation 24 (0%) 4 (0.2%) 0.28 4 (0.2%) 0 (0%) 0.76
Heart valve surgery 286 (0.2%) 2 (0.1%) <0.0001 2 (0.1%) 0 (0%) 0.39

IABP 1382 (0.9%) 167 (7.3%) <0.0001 150 (7.1%) 17 (9%) 0.35

For abbreviations, see Table 1.

Table 3. In-hospital complications of patients without cardiac arrest and with ErCA and LrCA after
acute myocardial infarction (only patients who were discharged after index hospitalisation).

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Massive bleeding 1638 (1.1%) 114 (5%) <0.0001 93 (4.4%) 21 (11.1%) <0.0001
Recurrent myocardial infarction 274 (0.2%) 28 (1.2%) <0.0001 19 (0.9%) 9 (4.7%) <0.0001

Stroke 241 (0.2%) 31 (1.4%) <0.0001 29 (1.4%) 2 (1.1%) 0.97
Pulmonary edema 1088 (0.7%) 102 (4.4%) <0.0001 87 (4.1%) 15 (7.9%) 0.016
Cardiogenic shock 661 (0.4%) 227 (9.9%) <0.0001 204 (9.7%) 23 (12.1%) 0.28

Hospital CA 0 (0%) 1216 (53.0%) <0.0001 1026 (48.7%) 190 (100%) <0.0001
Mechanical complication:

heart rupture 28 (0%) 5 (0.2%) 0.0037 4 (0.2%) 1 (0.5%) 0.89

Mechanical complication:
mitral regurgitation 42 (0%) 3 (0.1%) 0.54 3 (0.1%) 0 (0%) 0.6

Mechanical complication: VSD 25 (0%) 0 (0%) <0.0001 0 (0%) 0 (0%) 1.00
Mechanical complication: heart

rupture or VSD 51 (0%) 5 (0.2%) <0.0001 4 (0.2%) 1 (0.5%) 0.89

Mechanical complications (all) 92 (0.1%) 8 (0.4%) <0.0001 7 (0.3%) 1 (0.5%) 0.84

For abbreviations, see Table 1.

Table 4. Discharge data of patients without cardiac arrest and with ErCA and LrCA after acute
myocardial infarction (only patients who were discharged after index hospitalisation).

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

LVEF, %, mean (SD) 47.9 (10.6) 43.2 (12.0) <0.0001 43.7 (11.8) 38.4 (12.9) <0.0001
Hospitalisation length, days,

median (IQR) 5 (3–7) 7 (4–11) 0.0031 6 (4–10) 12 (8–19) <0.0001

Aspirin at discharge 141,512
(91.7%) 2069 (90.1%) 0.0052 1893 (89.9%) 176 (92.6%) 0.22

P2Y12 inhibitor at discharge 130,658
(84.7%) 1955 (85.2%) 0.55 1786 (84.8%) 169 (89%) 0.12

Acenocoumarol/warfarin
at discharge 3727 (2.4%) 68 (3%) 0.091 57 (2.7%) 11 (5.8%) 0.016

Beta-blocker at discharge 128,332
(83.2%) 1822 (79.4%) <0.0001 1665 (79.1%) 157 (82.6%) 0.24

LMWH at discharge 7399 (4.8%) 197 (8.6%) <0.0001 176 (8.4%) 21 (11.1%) 0.2
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Table 4. Cont.

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

ACE-I at discharge 119,911
(77.7%) 1693 (73.7%) <0.0001 1554 (73.8%) 139 (73.2%) 0.85

ARB at discharge 3765 (2.4%) 46 (2%) 0.18 41 (2%) 5 (2.6%) 0.71
Fibrate at discharge 1688 (1.1%) 18 (0.8%) 0.16 18 (0.9%) 0 (0%) 0.39

Statin at discharge 135,497
(87.8%) 1966 (85.6%) 0.0014 1803 (85.6%) 163 (85.8%) 0.95

Calcium channel blocker
at discharge 14,877 (9.6%) 133 (5.8%) <0.0001 116 (5.5%) 17 (9%) 0.052

Nitrate at discharge 17,305 (11.2%) 188 (8.2%) <0.0001 168 (8%) 20 (10.5%) 0.22
Diuretic at discharge 38,629 (25%) 773 (33.7%) <0.0001 675 (32.1%) 98 (51.6%) <0.0001

Diabetes treated with insulin
at discharge 13,410 (8.7%) 189 (8.2%) 0.44 161 (7.6%) 28 (14.7%) 0.0007

Diabetes treated with oral
medication at discharge 14,642 (9.5%) 154 (6.7%) <0.0001 132 (6.3%) 22 (11.6%) 0.0051

For abbreviations, see Table 1.

3.2. In-Hospital and One-Year Observation Results

The overall mortality in AMI patients was higher in the CA group than in patients
without CA: 35.6% and 6.0% in hospital, 2.3% and 1.1% at 30 days, 9.9% and 5.2% at
6 months, and 13% and 7.7% at 12 months (all p < 0.0001), respectively. There was no
statistically significant difference in 30-day mortality between the ErCA and LrCA groups
(2.2% vs. 3.2%; p = 0.42). At the 6- and 12-month follow-up periods, all-cause mortality was
higher in the LrCA patients than in the ErCA patients (17.9% vs. 9.2%; p = 0.0001 and 21.1%
vs. 12.3%; p = 0.001, respectively). Detailed data on the one-year outcomes are presented in
Table 5 and Supplementary Materials.

Table 5. One-year follow-up outcomes of patients without cardiac arrest and with ErCA and LrCA
after acute myocardial infarction (only patients who were discharged after index hospitalisation).

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Mortality after discharge

Death: 30 days 1765 (1.1%) 53 (2.3%) <0.0001 47 (2.2%) 6 (3.2%) 0.42
Death: 6 months 7942 (5.2%) 228 (9.9%) <0.0001 194 (9.2%) 34 (17.9%) 0.0001
Death: 12 months 11,947 (7.7%) 299 (13.0%) <0.0001 259 (12.3%) 40 (21.1%) 0.0006

Re-hospitalisation with main diagnosis

All cause 88,016 (57.1%) 1348 (58.7%) 0.11 1224 (58.1%) 124 (65.3%) 0.055
Cardiovascular cause 71,290 (46.2%) 1095 (47.7%) 0.15810 1000 (47.5%) 95 (50%) 0.51

Chronic coronary syndrome 36,659 (23.8%) 557 (24.3%) 0.57925 530 (25.2%) 27 (14.2%) 0.0007
Unstable angina 19,390 (12.6%) 225 (9.8%) 0.00007 213 (10.1%) 12 (6.3%) 0.092

Myocardial infarction 8552 (5.5%) 109 (4.8%) 0.09758 96 (4.6%) 13 (6.8%) 0.16
Chronic coronary syndrome or unstable

angina or myocardial infarction 55,008 (35.7%) 766 (33.4%) 0.02262 720 (34.2%) 46 (24.2%) 0.0052

Heart failure 12,491 (8.1%) 262 (11.4%) <0.0001 228 (10.8%) 34 (17.9%) 0.0033
Stroke 2205 (1.4%) 23 (1%) 0.08595 20 (1%) 3 (1.6%) 0.65

Cardiac rehabilitation after 30 days 32,079 (20.8%) 541 (23.6%) 0.00119 511 (24.3%) 30 (15.8%) 0.0084
Cardiac rehabilitation after 6 months 35,748 (23.2%) 592 (25.8%) 0.00326 561 (26.6%) 31 (16.3%) 0.0018
Cardiac rehabilitation after 12 months 37,258 (24.2%) 614 (26.7%) 0.00401 580 (27.5%) 34 (17.9%) 0.004

Re-hospitalisation with procedure

Coronary angiography 39,549 (25.6%) 559 (24.4%) 0.15983 528 (25.1%) 31 (16.3%) 0.0071
PCI 31,015 (20.1%) 376 (16.4%) 0.00001 361 (17.1%) 15 (7.9%) 0.001

CABG 8081 (5.2%) 112 (4.9%) 0.44160 103 (4.9%) 9 (4.7%) 0.92
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Table 5. Cont.

Variable
Non-CA

N = 154,266
rCA

N = 2296
p Value

ErCA
N = 2106

LrCA
N = 190

p Value

Pacemaker implantation 1276 (0.8%) 18 (0.8%) 0.82060 17 (0.8%) 1 (0.5%) 0.99
CRT-P implantation 51 (0.03%) 0 (0%) 0.38355 0 (0%) 0 (0%) 1.00

ICD implantation 2171 (1.4%) 94 (4.1%) <0.0001 83 (3.9%) 11 (5.8%) 0.22
CRT-D implantation 365 (0.2%) 18 (0.8%) <0.0001 17 (0.8%) 1 (0.5%) 0.99

ICD or CRT-D implantation 2531 (1.6%) 111 (4.8%) <0.0001 99 (4.7%) 12 (6.3%) 0.32

For abbreviations, see Table 1.

In a multivariable model adjusted for all relevant risk factors, both ErCA (HR 1.54;
1.28–1.89; p < 0001) and LrCA (HR 2.34; CI 1.39–3.93; p = 0.001) increased the risk of one-year
death compared to patients without CA after AMI (Figure 1).

Figure 1. Central illustration. Risk of death from any reason for patients discharged home after
resuscitated cardiac arrest during acute myocardial infarction.

In the multivariable analysis, the occurrence of an LrCA episode was also the second
strongest factor (after Killip class 4) associated with an over 10-fold increase in the risk of
in-hospital death (HR 10.30; CI 8.02–13.20; p < 0.0001), whereas ErCA increased the risk
almost 2.5-fold (HR 2.35; CI 2.1–2.63; p < 0.0001) (Figure S1). The factors associated with an
increased risk of CA occurrence after AMI are presented in Figure S2.

During the one-year observation, the ErCA patients were more frequently hospitalised
due to chronic coronary syndrome, coronary angiography, and PCI when compared to
the LrCA patients. The latter group was more likely to be hospitalised due to heart
failure (17.9% vs. 10.8%; p = 0.003). Interestingly, only 17.9% of patients in the LrCA
group underwent cardiac rehabilitation compared to 27.5% (p = 0.004) of the ErCA group.
Figure S3 presents 1-year survival, re-hospitalisations, and procedures in AMI patients
discharged home who survived cardiac arrest (early or late) compared to patients without
cardiac arrest.

A comparison of the calculated relative risk of different re-hospitalisations associated
with the type of CA is presented in Figure 2.
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4. Discussion

The main observation of the present study is that ErCA, as a complication of AMI,
is an independent prognostic factor of one-year mortality. ErCA, after adjustment of
many factors influencing statistical significance, increases the risk of death in the 12-month
follow-up (adjusted HR = 1.5).

The available data do not show a clear assessment of the impact of ErCA on the long-
term prognosis of patients after AMI. Our study shows the influence of ErCA on mortality,
which may be important for future recommendations for the secondary prevention of
cardiac arrest.

In one of the thrombolysis-era studies based on data from the GISSI-2 database,
both early and late CA episodes increased in-hospital mortality (2.5 times and 4 times,
respectively), while they had no significant effect on mortality in the 6-month follow-up [11].
The results from one of the prospective cohort studies by Bougouin et al. showed that
patients with AMI complicated by early ventricular fibrillation had a similar number of
sudden cardiac death events during the 5-year follow-up to the group without ventricular
fibrillation [12].

After an ErCA episode, which occurred within an established time of less than 48 h
from the onset of AMI, the patients were classified as a non-homogeneous group with a
different prognosis. This group included both patients who survived out-of-hospital CA
(OHCA) and in-hospital CA (IHCA) prior to coronary reperfusion and those who had an
arrhythmia during or after reperfusion. OHCA patients had by far the worst prognosis. It
was demonstrated by Nair et al. that only 4% of patients from this group survived until
discharge from the hospital [13].

A recent study by Podolecki et al. showed that the risk of death in long-term obser-
vation was associated with the occurrence of life-threatening ventricular arrhythmia only
in the pre-reperfusion period [14]. However, this effect on long-term prognosis lost its
significance after excluding patients who died within the first 30 days from admission. A
similar effect of pre-reperfusion CA on long-term prognosis has also been shown in two
other studies by Piccini et al. and Liang et al. [15,16]. Moreover, all three cited papers
showed a significantly increased effect of early ventricular arrhythmias on in-hospital
mortality [14–16].

Interestingly, the assessment of the effect of ventricular arrhythmia during revasculari-
sation procedures gives conflicting results in terms of short-term prognosis, but most of the
studies did not show an increase in mortality in the long-term follow-up [17].

Based on the current analysis, mainly LrCA, but also ErCA, is one of the strongest
predictors of in-hospital and one-year mortality. LrCA increased the risk of in-hospital
death by more than 10-fold (4-fold more than in the ErCA group). This observation is in line
with the results of previously published papers [14,18], which showed that the occurrence
of late ventricular arrhythmia is associated with a higher risk of in-hospital death by over
8-fold. In terms of the long-term prognosis, the occurrence of late ventricular arrhythmia
increased the risk of death in long-term observation by nearly 3.5 times [14]. Another
study by Mehta et al. showed that at any stage of follow-up, mortality in the LrCA group
remained at a higher level than in the ErCA group [19]. This last observation is in line with
our results. There were no differences in mortality in the 30-day observation between the
ErCA and LrCA groups in our study, but the mortality was significantly higher in the LrCA
group at 6- and 12-months post-hospital discharge.

We did not analyse the rhythm presentation of CA, but we collected data about the
ICD and CRT-D implantation rate. In general, VF or VT is a main mechanism of CA in
MI (about 80%) [9]. In our study, only 14.2% patients after LrCA, who survived until
discharge from the hospital, had an implanted ICD or CRT-D, which suggests a high
percentage of non-defibrillated rhythms of CA, probably due to the high percentage of
severe in-hospital complications.

The next important finding from our study is the fact that ErCA episodes occur
more often in younger patients. This observation was also confirmed in the study by

88



J. Clin. Med. 2022, 11, 609

Sulzgruber et al. [20]. This study found an inverse correlation of patient age with the risk of
developing ventricular arrhythmia in the acute phase of AMI. In addition, in this study, and
in that of Piccini et al., diabetes and hypertension were found to be paradoxically protective
against ventricular arrhythmias in the ErCA group [15]. This observation also coincides
with the results of the present research. It could be assumed that the pharmacological
treatment (beta-blockers, angiotensin-converting enzyme inhibitors, and statins) frequently
used in these diseases might be responsible for such an effect.

Another important observation comes from the 12-month follow-up. The patients
after ErCA were more often admitted to the hospital due to coronary events (chronic
coronary syndromes, unstable angina, or recurrent AMI). They were also referred to
coronary angiography and PCI more frequently than patients after LrCA. These results
emphasise the importance of optimising medical care in this group.

Finally, it is worth emphasising the importance of early revascularisation strategies,
which were significantly less frequently used in the LrCA group. Consequently, a signifi-
cant increase in the number of repeated AMI and more frequent cardiogenic shock were
observed in this study. Perhaps this observation partially explains the problem of such
highly unfavourable short- and long-term prognoses of patients in older age groups treated
for AMI complicated by CA.

5. Limitations

The results of the present study need to be interpreted considering some limitations.
This was a retrospective analysis of an observational registry, which may result in a selection
error. The ErCA group was analysed as a homogenous group without consideration of
the diversity of this population, thus creating significant differences in prognosis. In the
registry, we did not collect data on the rhythm presentation of CA and the timing to the
return of spontaneous circulation, which are important in terms of predicting recovery
from CA. To reduce the important influences of these factors, we only analysed patients
who recovered after CA (resuscitated CA), and we focused on the long-term outcomes.
There was a lack of data on treatment methods and the degree of neurological dysfunction
of the out-of-hospital CA patients.

6. Conclusions

Both ErCA and LrCA were independent risk factors for one-year mortality. An episode
of LrCA was associated with higher in-hospital and one-year mortality than ErCA. The
ErCA patients were younger and had less comorbidities than LrCA patients. Further
well-designed studies are required to identify clinical outcomes after ErCA (OHCA and
IHCA) in long term follow-ups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11030609/s1, Figure S1: Multivariate logistic regression
model of factors affecting in-hospital mortality in the whole cohort of patients; Figure S2: Risk
factors of the occurrence of resuscitated cardiac arrest (both early or late) in the cohort of patients
that survived in-hospital period multivariate logistic regression model; Figure S3: 1-year survival
(A), rehospitalizations (B-H) and procedures (I-K) in acute myocardial infarction patients discharged
home who survived cardiac arrest (early or late) compared to patients without cardiac arrest; Table S1:
Baseline clinical characteristics of patients without cardiac arrest and with ErCA and LrCA in the
whole cohort of patients with acute myocardial infarction.
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10. Gierlotka, M.; Gasior, M.; Poloński, L.; Piekarski, M.; Kamiński, M. Projekt, załozenia metodyczne oraz logistyka Ogólnopolskiego
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Abstract: Caveolin-3 is a muscle-specific protein on the membrane of myocytes correlated with
a variety of cardiovascular diseases. It is now clear that the caveolin-3 plays a critical role in the
cardiovascular system and a significant role in cardiac protective signaling. Mutations in the gene
encoding caveolin-3 cause a broad spectrum of clinical phenotypes, ranging from persistent elevations
in the serum levels of creatine kinase in asymptomatic humans to cardiomyopathy. The influence
of Caveolin-3(CAV-3) mutations on current density parallels the effect on channel trafficking. For
example, mutations in the CAV-3 gene promote ventricular arrhythmogenesis in long QT syndrome 9
by a combined decrease in the loss of the inward rectifier current (IK1) and gain of the late sodium
current (INa-L). The functional significance of the caveolin-3 has proved that caveolin-3 overex-
pression or knockdown contributes to the occurrence and development of arrhythmias. Caveolin-3
overexpression could lead to reduced diastolic spontaneous Ca2+ waves, thus leading to the abnormal
L-Type calcium channel current-induced ventricular arrhythmias. Moreover, CAV-3 knockdown
resulted in a shift to more negative values in the hyperpolarization-activated cyclic nucleotide channel
4 current (IHCN4) activation curve and a significant decrease in IHCN4 whole-cell current density.
Recent evidence indicates that caveolin-3 plays a significant role in adipose tissue and is related to
obesity development. The role of caveolin-3 in glucose homeostasis has attracted increasing attention.
This review highlights the underlining mechanisms of caveolin-3 in arrhythmia. Progress in this field
may contribute to novel therapeutic approaches for patients prone to developing arrhythmia.

Keywords: caveolin-3; arrhythmias; ion channels; intercellular communication; metabolic perturbation

1. Introduction

The novel subcellular structures, named plasmalemmal vesicles, were first detected
by Palade, G.E. et al. in 1953, and then renamed as caveolae intracellulares by Yamada, E.
et al. due to their resemblance to ‘little caves’ [1]. Caveolins are the most essential proteins
in caveolae, presenting in three isoforms: caveolin-1, caveolin-2, and caveolin-3. Caveolin-1
and caveolin-2 are co-expressed across many cell types, whereas caveolin-3 is specifically
found in muscle tissues, such as skeletal and cardiac myocytes [2–4]. With the development
of biochemical, cell biological, and genetic approaches, especially molecular markers,
the molecular functions of caveolae have gradually been discovered, which involve the
participation of homeostasis, most notably endocytosis, mechano-protection, and signal
transduction. Composed of 151 amino acids, caveolin-3 has four major structural domains:
the N-terminal domain, the scaffolding domain, the intramembrane domain, and the C-
terminal domain [5–7]. Caveolin-3 exerts its effects as a scaffolding and regulatory protein
for signaling molecules and moderators of ion channels and has already been linked to
numerous human disease states, such as long QT syndrome, sudden infant death syndrome,
myocardial hypertrophy, and diabetic cardiomyopathy [8–10] (Table 1). Furthermore, a
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study has demonstrated that the caveolin-3 protein can modify integrin function and
mechanotransduction in the cardiac myocytes and intact heart; thus, modifications in
caveolin-3 can result in the dysregulation of integrin function and predispose the heart to
develop a myopathic phenotype [11]. Multiple ion channels are expressed in the caveolae
in cardiomyocites, such as the L-Type calcium channel (LTCC), T-Type calcium channel
(TTCC), voltage dependent sodium channel 1.5 (Nav1.5), the voltage-dependent K channel
(Kv1.5), and inward rectifier potassium channel (Kir2.x) [12–15].

Table 1. Pathogenic CAV3 mutation associated with cardiovascular diseases.

Phenotype CAV3 Mutation
Serum CK

Concentrations
Ref.

LQTS p.A85T NA Vatta, M. et al. [16]
Sudden infant death syndrome p.V14 L NA Cronk, L.B. et al. [17]

Dilated cardiomyopathy p.A46V High Catteruccia, M. et al. [18]
Dilated cardiomyopathy p.T78M High Traverso, M. et al. [19]

Hypertrophic cardiomyopathy p.T63S Normal Hayashi, T. et al. [20]
Hypertrophic cardiomyopathy P104L NA Ohsawa, Y. et al. [21]

Hypercholesterolemia p. Val44Met High Bruno, G. et al. [22]
Atrial standstill p. Leu84Pro NA Gal, D. B. et al. [23]

NA, Not Available; LQTS, Long QT syndrome.

2. Caveolin-3 and Electrical Signal Propagation

2.1. The Sodium Current (INa)

Several studies have confirmed that caveolin-3 colocalizes with the cardiac sodium
channel and interacts with the dystrophin–glycoprotein complex to target multiple ion
channels including SCN5A-encoded cardiac sodium channels (SCN5A, also termed Nav1.5)
to the cell surface membrane [12,16,24]. CAV-3 is a novel Long QT syndrome (LQTS)-
associated gene with mutations producing a gain-of-function, LQT3-like molecular/cellular
phenotype, as a pathogenic basis of sudden infant death syndrome (SIDS) [25]. It has
been reported that the functional alteration of SCN5A resulting from the mutation of
CAV-3(V14L, T78M, and L79R) is presumed to be the cause of sudden cardiac death in
infants because of a significant fivefold increase in late sodium current compared with
controls, just like LQT3 [16,17,26] (Table 2). Recent evidence indicates that neural nitric
oxide synthase (nNOS), which mediates nitric oxide (NO) synthesis, and SCN5A form
a complex with caveolin-3 in the heart, and the direct binding of caveolin-3 to nNOS
suppresses the catalytic activity of nNOS [27,28]. Excessive NO synthesis and release
mediated by nNOS in cardiomyocytes was shown to increase late INa [29]. It has been well
documented that increased late INa caused by CAV-3 mutation in ventricular muscle was
reversed by NOS inhibitor L-NMMA, which meant that caveolin-3 was identified as an
important negative regulator for cardiac late INa through a NOS-associated mechanism
and contributed to both inherited arrhythmia syndromes and acquired arrhythmias in
conditions [30,31]. Moreover, beta-adrenergic receptor regulation was reported to increase
current densities of caveolar SCN5A through both protein kinase A (PKA)-dependent
phosphorylation of sodium channels and direct Gas interaction with caveolin-3 which
promoted the presentation of SCN5A containing caveolae to the surface membrane [32].
The roles of caveolin-3 in prolonging action potential by binding to calmodulin, which binds
SCN5A and increases its slow inactivation kinetics in response to the regional increase in
the concentration of calcium, have been gradually discovered. Although the above studies
have confirmed the important role of caveolin-3, its specific mechanism is still unclear and
may be closely related to the regulation of ion channels.

2.2. The K+ Current (Ik)

The inward rectifier current (IK1), dominating the terminal phases of cellular repo-
larization, maintains the resting membrane potential close to the potassium equilibrium
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potential and contributes to final phase 3 repolarization [33]. Ik1 is mainly comprised
of the rectifier potassium channel Kir2.1, which is one member of Kir2.x family in the
human cardiac ventricle and is mainly encoded by KCNJ2A gene on chromosome 17 [34,35].
Kir2.x family have a unique intracellular pattern of distribution in association with spe-
cific caveolin-3 domains, which critically depends on interaction with Kir2.x- caveolin-3
binding motifs [36]. An early study demonstrated that CAV-3 gene mutation decreased the
surface expression of Kir2.1 and Kir2.2 [36,37]. Its mechanism may be closely related to the
disruption in normal membrane trafficking of caveolin-3, regulating cell surface expression
of Kir2.x channels, then causing decreased Kir2.x current density. Decreased Kir2.1 protein
expression or function can decrease phase 3 rapid repolarization current magnitude of
action potential, and prolong QT intermittent period or action potential duration, causing
cardiac arrhythmia [37–40]. Moreover, a study has revealed that caveolin-3 participated
in common early anterograde trafficking mechanism of the NaV1.5-Kir2.1 channelsome,
which may have contributed to the potential for arrhythmias [40].

The transient outward K+ current (Ito), responsible for rapid initial repolarization
manifested as phase 1 of the AP, was partly constituted by Kv4.2 in human ventric-
ular myocardium. Caveolin-3 is comparably co-localized with Kv4.2 channels by co-
immunoprecipitation analysis. Overwhelming evidence has suggested that CAV-3 gene
mutation results in not only slower activation and recovery of IKv4.2, which could cause
a reduction of Ito at physiological heart rates, but decreased IKv4.2, which contributes to
cardiac arrhythmia [31]. It has been reported that CAV-3 gene mutation leads to dysfunction
of AngII contributing to modulate a variety of ionic currents in atrial myocytes, including
Ito. In the heart, AngII binds two types of angiotensin receptors, namely, AngII receptor
1 (Ang1R) and AngII receptor 2 (Ang2R), with Ang1Rs mediating most of the AngII ef-
fects [41]. Ang1R is associated with caveolin-3 in mouse atrial myocytes that is required for
the reduction in Ito by AngII [42]. There is increasing evidence that downstream signaling
of Ang1R activation includes activation of protein kinase C (PKC) which catalyzes the
hydrolysis of the membrane phospholipid, phosphatidylinositol biphosphate, producing
diacylglycerol (DAG) [41,43–45]. Although the above studies have confirmed that the
crucial role of caveolin-3 in the modulation of ionic currents, its specific mechanism is still
unclear and need to be further elucidated (Figure 1).

Figure 1. Cartoon illustration of arrhythmia mechanism caused by Cav3 mutation (F97C). NOS, Nitric
oxide synthase; NO, Nitric oxide.

2.3. The Ca+ Current (ICa)

Voltage-gated Ca2+ channels, including both the LTCC and TTCC, are the major handlers
for the excitation-contraction coupling (ECC) and pacing activity of the heart [46–48]. TTCC

94



J. Clin. Med. 2022, 11, 1595

have three different isoforms, CaV3.1(α1G), CaV3.2 (α1H), and CaV3.3 (α1I), which were
consistently absent in human adult atrial and ventricular myocardium. In the heart, ICa,T
participates in Ca2+ entry and Ca2+-dependent hormonal secretion, pacemaker activity, and
arrhythmia. T-type CaV3.1 (α1G) Ca2+ channels play important roles in the spontaneous
activity of pacemaker cells. CaV3.3 is not expressed in the heart. In the normal condition,
CaV3.2 isoforms are undetectable in normal adult ventricular myocytes but are re-expressed
during conditions of cardiac hypertrophy [49–51]. Considerable evidence indicates that the N
terminus region of caveolin-3 closely interacts with CaV3.2 channels [52]. It has been reported
that caveolin-3 could regulate protein kinase A modulation of the Ca(V)3.2 (alpha1H) T-type
Ca2+ channels and attenuate cardiac hypertrophy via inhibition of T-type Ca2+ current mod-
ulated by protein kinase Cα in cardiomyocytes [52–54]. Caveolin-3 specifically inhibited the
increased expression of ICav3.2 and suppressed the Ca2+-dependent hypertrophic calcineurin-
NFAT (calcineurin/nuclear factor of activated T cell) signaling pathway under pathological
cardiac hypertrophy condition, thus significantly decreased the peak ICav3.2 current density to
improve cardiac function [53].

L-type Ca channels (LTCCs) plays the vital role in cardiac ECC initiated by the action
potential. Recent work has shown that caveolin-3 was associated with t-tubule formation,
LTCC current to the t-tubules, and localization of LTCC regulatory proteins, such as protein
kinase A (PKA) and β2-adrenoceptors [15,55–57]. In the recently reported study, global
loss of caveolin-3, rather than cardiac-specific deletion of caveolin-3 protein, resulting
in the pathological loss of t-tubular ICa contributes to impaired excitation-contraction
coupling and thereby cardiac function in vivo [58]. Cardiac contractile performance is
mainly regulated by circulating catecholamines, which bind to β-adrenergic receptors, the
main catecholamine-responsive receptors on the surface of cardiac myocytes. β-adrenergic
receptors(β-ARs) have two isoforms, β1-AR and β2-ARs. Multiple studies report the
clustering of β2-adrenergic receptors(β2-ARs), coupled to Gs proteins and thus, inducing
cAMP production, have also been shown to co-immunoprecipitate with caveoin-3 [59].
PKA is a key mediator in the molecular mechanism of the caveolin-3 affecting LTCCs by
stimulating β2-adrenoceptor expression [15,56].

Type 2 ryanodine receptor (RyR2), a key component of ECC in cardiomyocytes, is
a cation-selective receptor channel located in the cardiac sarcoplasmic reticulum (SR) in
the mammalian heart. A few Ca2+ ions pass through Cav1.2 to trigger a much larger
Ca2+ release at concentration levels into the myoplasm through RyR2, thus activating
action potential [60,61]. Recently, many studies have provided evidence that the RyR2
colocalized with caveolin-3 [62]. RyR2 and caveolin-3-associated dihydropyridine receptor
(DHPR) forms a triple complex with HLP family which is one member of the cysteine-rich
protein (Crip) [63]. The RyR2 modulates Ca2+ entry through caveolin-3-associated DHPR
by regulating itself [15]. Caveolin-3 overexpression could lead to the reduced diastolic
spontaneous Ca2+ waves by inhibiting the hyperphosphorylation of ryanodine receptor-
2 (RyR2) at Ser2814, thus leading to the abnormal LTCC current-induced ventricular
arrhythmias [64].

Striatin (STRN) is a dynamic protein that was originally purified from highly active
adenylyl cyclase rich fractions and was found to bind caveolin-3 and calmodulin (CaM)
in a calcium-sensitive manner [65]. Further studies attributed the role of caveolin-3 in the
interaction between STRN and CaM regulating the maturation and organization of the ECC
in ventricular cardiomyocytes. The expression level of STRN was inversely proportional to
the interaction of caveolin-3 with the CaM/STRN complex. Thus, caveolin-3 may mediate
STRN expression by producing the opposite phenotype to silence the STRN gene, but the
specific mechanism needs to be further elucidated [66].
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Table 2. The arrhythmia mechanism associated with change of CAV-3 expression.

CAV-3 Expression Functional Alteration
Arrhythmia
Implications

Related Mechanisms Ref.

CAV-3 mutation (V14L,
T78M, L79R)

Increased late sodium
current LQT3

NOS-dependent
S-nitrosylation of
SCN5A

Cheng. J. et al. [30]

Decreased Kir2.x
current density LQT9

Downstream Ang1R
signaling involves the
activation of PKC

Tyan. L. et al. [42]

Caveolin-3
overexpression

Reduced diastolic
spontaneous Ca2+

waves

Ventricular
arrhythmias

Inhibition of RYR2
hyperphosphorylation Zhang. ZH. et al. [64]

CAV-3 mutation
(S141R)

Increased HCN4
current density LQTS NA NA

Caveolin-3
downregulated
expression

Activated ICl, swell Atrial fibrillation NA NA

NOS, Nitric oxide synthase; RYR2, Ryanodine receptor-2; Ang1R, AngII receptor 1; PKC, Protein kinase C. NA,
Not Available.

2.4. The Hyperpolarization-Activated Cyclic Nucleotide Channel 4 Current (IHCN4)

Hyperpolarization-activated cyclic nucleotide channel 4(HCN4), also named the pace-
maker channel, is the dominant isoform of the sinus node region interacting with caveolin-
3 [67]. HCN4 channel function is negatively modulated by caveolin-3 to modulate the
channel’s activity [68]. Of note, increased IHCN4 activity in the ventricle was shown to
provoke ventricular automaticity resulting in ventricular arrhythmias [69]. Interestingly,
LQTs-associated CAV-3 mutations differentially modulate HCN4 channel function indicat-
ing a pathophysiological role in clinical manifestations. One study indicated that HCN4
current properties were differentially modulated by LQTS-associated CAV-3 mutations.
S141R, a CAV-3 LQTS-associated mutation, significantly increased HCN4 current density.
CAV-3 KO resulted in a shift to more negative values in the IHCN4 activation curve and a
significant decrease in IHCN4 whole-cell current density, which indicates that caveolin-3
mutations significantly accelerated the activation kinetics of HCN4 [68].

2.5. The Volume-Activated Cl-Channel Current (ICl,swell)

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, and it has
been associated with an increased risk of stroke, heart failure, and eventually, contributing
to an increased risk of cardiac and total mortality. A high level of CAV-3 expression had
a significant relationship with AF participants. Caveolin-3 concentrations in the serum
samples were much higher in the group with persistent AF than the group with paroxysmal
AF. Concentrations of caveolin-3 might be associated with the frequency and duration of
AF [70]. AF associated with elevated chronic stretch is linked to a decrease in cardiomyocyte
caveolae density and downregulation of the caveolin-3 [53,71].

Volume-activated Cl-channels are localized in the caveolae microdomains and can be
activated on the mechanical stretch. Downregulation of caveolin-3 expression facilitates
activation of ICl,swell and increases sensitivity to stretch 5- to 10-fold, promoting the de-
velopment of AF. Caveolin-3-mediated activation of mechanosensitive ICl,swell is a critical
cause of the triggering impulses that can initiate AF including AF, and this mechanism is
exacerbated in the setting of chronically elevated blood pressures [72].

3. Caveolin-3 and Intercellular Communication

3.1. Caveolin-3 and ConnexIn 43

Gap junctions are collections of multiple intercellular channels comprised of connex-
ons, to permit the rapid cell–cell transfer of action potentials, ensuring the coordinated
contraction of the cardiomyocytes. ConnexIn 43 (Cx43) is the main component in car-
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diac gap junctions and is expressed in all atrial and ventricular myocytes. Reduced Cx43
expression can reduce function of gap junctions, resulting in promoting reentrant arrhyth-
mias. There is extensive evidence that Cx43 plays a crucial role for rapid action potential
transmission and signaling molecules that are associated with cardiac arrhythmias [73,74].
When the levels of full-length Cx43 protein are markedly reduced via an M213L mutation
associated with an absence of GJA1-20k which is an auxiliary subunit for the trafficking
of Cx43, the abnormal propagation of electrical impulse, including decrease in R wave
amplitude, elongation of QRS complex duration, and increase in frequency of premature
ventricular contractions (PVC), occurred in rats undergoing the loss of Cx43 gap junction
that contributes to arrhythmias [75,76]. Oppositely, when Cx43 is activated by pinocembrin
which is a flavonoid compound originated from propolis, Cx43 can be upregulated to
alleviate ventricular arrhythmia in I/R rats [77]. Stem cell therapy in combination with
enhanced protein expression of connexin-43 is a promising strategy against myocardial
dysfunction, such as the post-infarction arrhythmias. More recently, data from the Ru-
gowska, A et al. demonstrated that the increased expression of connexin-43 in human
skeletal muscle-derived stem/progenitor cells reduced arrhythmogenic phenomena after
their transplantation into the post-infarcted myocardium [78]. This is probably because that
increased expression of Cx43 contributes to the reduction of inflammation and improve-
ment of intercellular communication thus causing an indirect positive effect on calcium
intracellular circulation.

Cx43 has been shown to interact with caveolin-3, and the mechanism of the relation-
ship between Cx43 and caveolin-3 is still being explored. One study attributed a role of
caveolin-1 in the regulation of Cx43. It maintains cardiac homeostasis by modulating cSrc
activity. cSrc became activated to downregulate Cx43 without caveolin-1 expression. This
process reduced ventricular conduction velocity and increased propensity for ventricular
arrhythmias. Caveolin-3 regulating Cx43 function/expression may be a similar way as
the Cx43 regulation of caveolin-1. However, more studies need to further confirm this
hypothesis [79].

A study has shown that caveolin-3 was not only co-localized but interacts with the gap
junction protein Cx43, by methods of double-hybridization and co-immunoprecipitation [80].
Moreover, the changes in caveolin-3 levels over time perfectly paralleled the pattern of changes
in total Cx43 when phoneutria nigriventer spider venom (PNV) disrupt blood–brain barrier,
which raise the possibility of cross-talk between Cx43 and caveolin-3 [81]. A previous study
demonstrated that downregulation of caveolin-3 leads to inhibition of Cx43 gap junction
communication in the lipopolysaccharide (LPS) treatment of astrocytes. Further, the specific
knockout of caveolin-3 causes a downregulation of Cx43 and thus has a significant inhibitory
effect on gap junctional intercellular communication (GJIC). All of those results indicated that
caveolin-3 may play a crucial role in regulating Cx43 expression, but the signaling pathway
between caveolin-3 and Cx43 merited further investigations [82].

3.2. Caveolin-3 and Dystrophin

The dystrophin, fundamental for muscle integrity, is a critical component of the
dystrophin-glycoprotein complex that acts as a connection between the extracellular matrix
and intracellular cytoskeleton [83]. Mutations in the dystrophin gene contribute to dys-
trophinopathies, which are mostly associated with cardiomyopathies [84]. A heart lacking
functional dystrophin is mechanically weak [85]. Doyle, D.D. et al. verify that dystrophin
co-localizes, co-fractionates, and co-immunoprecipitates with caveolin-3, which serves to
suggest directions for further research that caveolin-3 may regulate physiological functions
of dystrophin as upstream regulator [86]. Recent evidence indicates that dystrophin and
its associated glycoproteins are downregulated in caveolin-3 overexpression heart, caus-
ing severe cardiac tissue degeneration, fibrosis and a reduction in cardiac functions [87].
Caveolin-3 may regulate the normal processing or stoichiometry of the dystrophin complex
at the protein level [88].
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3.3. Caveolin-3 and Adiponectin Receptor

Adiponectin (APN) is a benign adipokine secreted cytokine with reduced expression
in obesity and diabetes [89]. The primary function of APN is to increase insulin sensitivity
by sensitizing the insulin receptor signaling pathway. Adiponectin receptors are G protein-
coupled receptors (GPCRs) and two receptor subtypes: AdipoR1 and AdipoR2. In both
AdipoR1 and AdipoR2, the N-terminal domain exists in intracellular space and C-terminal
domain presents in the external region of cells. Many studies have indicated that AdipoR1
colocalized with caveolin-3, forming AdipoR1/ caveolin-3 complex via specific caveolin-3
scaffolding domain binding motifs [90]. By interacting with AdipoR1, caveolin-3 corrals
downstream molecules in close proximity with AdipoR1, thus enabling proper transmem-
brane signaling and cardioprotection. Recently, many studies have provided evidence
that high fat diet-induced diabetes disrupted the expression of CAV-3, which deranged
eNOS signaling in diabetic myocardium and then diminished the cardioprotective effects
of APN [91–94]. Overall, caveolin-3 plays an essential role in APN-induced ceramidase
recruitment and activation, although the involved detailed molecular mechanisms are
still unknown.

4. Caveolin-3 and Metabolic Perturbation

4.1. Caveolin-3 and Insulin Resistance

Insulin resistance is the important defect in the pathophysiology of type 2 diabetes
(T2DM). A major complication of diabetes is diabetic cardiomyopathy. The ion channel
remodeling has been reported in the animal models of diabetic cardiomyopathy which
could lead to a variety of arrhythmias, such as AF [95,96].

In recent years, the role of caveolin-3 in glucose homeostasis has attracted increasing
attention. A previous study demonstrated that a variety of mutations were present in the
CAV-3 gene among 1–1000 patients with T2DM. A previous assessment of patients with
newly developed T2DM demonstrated that K15N muta tion located in the N-terminus of
caveolin-3 may lead to changes in caveolin-3 secondary structure, thus causing decreased
recombinant caveolin-3 expression [97]. It has been found that decreased expression and
reduced localization of caveolin-3 by CAV-3-P104L mutation inhibited glucose uptake
and glycogen synthesis [98]. The IR/PI3K/AKT/GLUT signaling pathway has been
demonstrated to be a major mechanism in the development of insulin resistance [99,100].
Insulin receptor (IR) and GLUT-4 are associated with glucose metabolism, with their
expression being regulated by caveolin-3 on the cell membrane. GLUT4 is one of the most
important glucose transporters and is responsible for regulating and transporting 50%
to 80% of body glucose. Caveolin-3 can enhance the expression of IR by stimulating IR
kinase activity and activating PI3K/AKT signaling pathway. Activated AKT promoted the
translocation of GLUT-4 to the plasma membrane and enhanced glucose uptake. There is
evidence that increased CAV-3 expression contributed to GLUT4 translocation and thus
ameliorated high-fat-diet (HFD)-induced glucose intolerance and insulin resistance, which
indicated a positive correlation between the alternation of glucose metabolism and the level
of caveolin-3 [93,101]. Conversely, decreased expression levels of CAV-3 were observed in
diabetes animal models [102]. Decreased CAV-3 expression inhibited Akt phosphorylation,
and thus protein expression of GLUT4 which are molecules downstream of Akt, was
significantly decreased [98]. Moreover, caveolin-3 may play a pivotal role in 17β-estradiol
(E2) actions on glucose metabolism, and there is evidence that E2 intervention reduces
the incidence of diabetes [92,103]. Diabetes could cause inhibition of CAV-3 expression
by regulating the activities of various enzymes and ion channels. Those changes lead to
insulin resistance, inhibition of Cx43 gap junction communication and modulation of ion
channel function, which contribute to susceptibility to arrhythmias.

4.2. Caveolin-3 and Adiposity

Obesity is a major concern because it is a risk factor for metabolic diseases that increase
mortality rates. Recent evidence indicates that caveolin-3 plays a significant role in adipose
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tissue and is related to obesity development. A study has demonstrated that CAV-3-
knockout mice increased adiposity [104]. Obesity is a complex multifactorial condition
that contributes significantly to cardiovascular risk including AF. In animal models with
adipose tissue, it has been found that obesity is also associated with a modest increase in
QTc and QT dispersion [105,106]. Moreover, high-fat-diet-fed animals showed metabolic
alterations, obesity, and insulin resistance along with the induced expression of muscle-
specific caveolin-3 in retroperitoneal adipocytes and skeletal muscle in the initial phase.
The mechanism was partly explained by the fact that continued exposure to the high-fat
diet in the initial phase produces an increase in circulating glucose and insulin levels which
could induce CAV-3 expression [107,108]. Indeed, previous studies have reported that
animals fed on a high fat diet show increased oxidative stress in muscle tissue, which
also could be partly explained by the induced expression of CAV-3 [109]. In a late phase,
insulin resistance becomes apparent, accompanied by an impairment of caveolin-3 levels in
skeletal muscle.

5. Perspective

Since it was discovered approximately 60 years ago, important functional roles and
biochemical properties for caveolae have been identified. It is now clear that the caveolin-3
plays a critical role in the cardiovascular system and a significant role in cardiac protective
signaling. CAV-3 mutations have been linked to the LQT9, and the cause of underlying
action potential duration prolongation is incompletely understood. However, there are
numerous difficulties to be overcome in the process from basic laboratory research to clinical
application. Caveolin-3 dysfunctions have been responsible for inherited arrhythmias.
The importance of caveolin-3 changes in arrhythmias and downstream microdomain
dysregulation may have important implications for arrhythmia generation.

Understanding the composition and functional roles of caveolin-3 in the heart as
well as their contribution to arrhythmia syndromes is only the beginning. Many critical
questions remain to be answered. Further basic science research and eventual randomized
clinical trials are needed to define the precise mechanisms and therapeutic potential of
caveolin-3 in patients with arrhythmias.
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Abstract: Brugada syndrome (BrS) is a primary electrical disease associated with life-threatening
arrhythmias. It is estimated to cause at least 20% of sudden cardiac deaths (SCDs) in patients
with normal cardiac anatomy. In this review paper, we discuss recent advances in complex BrS
pathogenesis, diagnostics, and current standard approaches to major arrhythmic events (MAEs) risk
stratification. Additionally, we describe a protocol for umbrella reviews to systematically investigate
clinical, electrocardiographic, electrophysiological study, programmed ventricular stimulation, and
genetic factors associated with BrS, and the risk of MAEs. Our evaluation will include MAEs such
as sustained ventricular tachycardia, ventricular fibrillation, appropriate implantable cardioverter–
defibrillator therapy, sudden cardiac arrest, and SCDs from previous meta-analytical studies. The
protocol was written following the Preferred Reporting Items for Systematic review and Meta-
Analysis Protocols (PRISMA-P) guidelines. We plan to extensively search PubMed, Embase, and
Scopus databases for meta-analyses concerning risk-stratification in BrS. Data will be synthesized
integratively with transparency and accuracy. Heterogeneity patterns across studies will be reported.
The Joanna Briggs Institute (JBI) methodology, A MeaSurement Tool to Assess systematic Reviews
2 (AMSTAR 2), and the Grading of Recommendations, Assessment, Development and Evaluation
(GRADE) are planned to be applied for design and execution of our evidence-based research. To
the best of our knowledge, these will be the first umbrella reviews to critically evaluate the current
state of knowledge in BrS risk stratification for life-threatening ventricular arrhythmias, and will
potentially contribute towards evidence-based guidance to enhance clinical decisions.

Keywords: Brugada syndrome; pathogenesis; management; primary electrical disease; arrhythmic
events; sudden cardiac arrest; sudden cardiac death; risk stratification; review; protocol
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1. Introduction

Brugada syndrome (BrS) is a primary electrical disease associated with arrhythmias
and an elevated risk of sudden cardiac death (SCD) [1,2]. It was described by Pedro and
Josep Brugada in 1992 as a syndrome comprised of “right bundle branch block, persistent
ST segment elevation and SCD” [3]. However, the description of the electrocardiographic
(ECG) changes considered today as type 1 BrS ECG pattern was first published in 1953 [4].
The prevalence of individuals with the Brugada ECG patterns differs largely among various
regions and populations of the world [5] and is more common than BrS. Pooled worldwide
prevalence of BrS is 0.5 per 1000 [6] based on ECG patterns, with highest prevalence in
Southeast Asia of 3.7 per 1000, reaching up to 17.7 per 1000 in Thailand [6,7]. BrS is
approximately nine times more common in males [8,9], and is one of the leading causes
of SCD in males below age 40 in southeast Asia [10]. Patients with BrS are considered
symptomatic if they have a history of aborted SCD, ventricular fibrillation (VF), sustained
ventricular tachycardia (VT), or syncope [11,12].

BrS usually presents during the third or fourth decade of life, and about 63% of patients
are asymptomatic at diagnosis [7,11]. However, syncope or major arrhythmic events (MAE)
can occur at any age, or SCD may even present as the first event [11]. BrS contributes
towards sudden infant death syndrome, SCD in children, and estimated to cause at least
20% of all SCDs in individuals with anatomically normal cardiac structures [9,11,13,14].

2. Pathogenesis of BrS

BrS was previously described as an autosomal-dominant inherited disorder with
incomplete penetrance, and absent or benign structural heart abnormalities [1,11]. The lack
of significant structural heart disease in BrS patients may be visualized by echocardiogra-
phy, angiography, or ventriculography [14,15]. However, magnetic resonance imaging in
subgroups of patients with BrS revealed enlarged right ventricular (RV) volumes, increased
RV outflow tract (RVOT) area, or mild RV wall motion abnormalities [16]. The pathomech-
anism observed in BrS patients involves depolarization and repolarization abnormalities,
inflammation of myocytes, and fibrosis in RVOT and/or RV [9,12]. A recent study per-
formed on whole hearts from deceased patients, whose SCD was accounted to BrS, showed
biventricular myocardial fibrosis, especially in the epicardium of the RVOT [17]. RV my-
ocardium in a number of patients with BrS type 1 ECG pattern have showed histological
changes comparable to arrhythmogenic RV cardiomyopathy (ARVC), and indicate possible
autoimmune causes of myocardial inflammation in BrS patients [9].

Genetic etiology, identified in about 14–34% cases, is primarily associated with
sodium voltage-gated channel alpha subunit 5 (SCN5A) gene mutation affecting cardiac
channels [9,18,19]. SCN5A gene encodes for the α-subunit of the sodium channels in the
heart and mutations in the gene lead to reduced expression of Nav1.5 α-subunit proteins,
loss of functional sodium channels, and impaired phase 0 action potential [11]. At present,
other genes have been identified as susceptibility genes for BrS, and BrS is now considered
an oligogenic or polygenic disease [9,20].

Currently, potassium, chloride, and calcium ion channels involved in the cardiac
depolarization and repolarization process have also been described as associated with
channelopathies caused by the dysfunction of regulatory proteins [21]. For example, excess
outflow of potassium current during early repolarization or reduced inward current via
calcium channels may contribute to BrS pathophysiology [21]. The reduced inward current
flow of sodium in BrS patients may result in prolonged PR (PQ) interval, first degree
atrioventricular block [22], slow cardiac conduction (intraventricular and His–Purkinje),
phase 2 reentry and premature repolarization [21], low-amplitude and high-frequency
electrical activity in RVOT epicardium (late potentials), and ventricular arrhythmias [12,23].

A recent study identified autoantibodies in the myocardium of BrS patients against
cardiac proteins (α-actin, skeletal α-actin, connexin-43, keratin) and observed abnor-
mal expression of Nav1.5 α-subunit proteins [9]. Another study reported distinct ele-
vation (apolipoprotein E, clusterin, prothrombin, vitamin-D-binding protein, complement-
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factor H, voltage-dependent anion-selective channel protein 3, vitronectin) or reduction
(alpha-1-antitrypsin, angiotensinogen, fibrinogen) in plasma proteome of BrS patients and
relatives with SCN5AQ1118X gene mutation compared to their healthy family members
without the gene mutation, as well as antithrombin-III post-translational modifications [24].
Figure 1 displays an overview of the pathomechanism processes in BrS.

Figure 1. Overview of pathomechanisms involved in Brugada syndrome [9–12,21,22,24–27]. Abbre-
viations: AT—antithrombin; BrS—Brugada syndrome; Ca2+—calcium; ECG—electrocardiogram;
K+—potassium; ICD—implantable cardioverter–defibrillator; Na+—sodium; SCD—sudden cardiac
death; SCN5A—sodium voltage-gated channel alpha subunit 5; RV—right ventricle; RVOT—right
ventricular outflow tract; VF—ventricular fibrillation; VT—ventricular tachycardia.

3. Diagnostics and Risk Stratification

The definitions of BrS can vary depending on the guidelines used. The European
Society of Cardiology (ESC) guidelines proposes that any subject with spontaneous or drug-
induced type 1 Brugada ECG pattern be classified as BrS [28]. However, some investigators
suggest that this may lead to overdiagnosis, and specific symptoms or clinical data are
required to confirm diagnosis [29,30]. Clinical, ECG, and laboratory markers have been
found to be useful in diagnostics and risk stratification in diverse groups of patients [31–41].
Despite progress in SCD prevention, the optimal diagnostics and risk stratification in BrS
are a major clinical challenge [42–44].

3.1. Diagnostics in BrS

The ESC definition of BrS diagnosis states that patients must display BrS ECG pattern
with ST-segment elevation ≥ 2 mm in at least one lead (V1-V2) placed in the second,
third, or fourth intercostal spaces [28]. This may appear spontaneously or following
intravenous drug provocation with class Ia (ajmaline or procainamide) or class Ic (flecainide
or pilsicainide) sodium channel blockers [28]. The BrS type 1 ECG pattern may also be
induced by fever and exercise tests [8–11,45]. The unique ECG pattern is often short-
lasting, and only depending on standard 12-lead ECG may lead to underdiagnosis of 65%
patients, especially those who need modified high leads or drug provocation [9]. Therefore,
prolonged cardiac monitoring might be highly valuable for diagnostic process [46]. When
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the Brugada ECG pattern is present without life-threatening arrhythmias or SCD, after
exclusion of BrS, it is known as Brugada phenocopy [8].

The Shanghai scoring system for BrS diagnosis is based on ECG, family history, clinical
symptoms, and genetics, and assigns a score of ≥3.5 for probable and/or definitive BrS
(type 1 BrS ECG pattern–spontaneous or drug-induced), a score from 2 to 3 for possible
BrS, and a score of <2 is nondiagnostic [9,47,48]. Additionally, a score of 3 was for fever-
induced BrS type 1 ECG, a score of 2 for convertible drug-induced type 2 or 3 BrS ECG
pattern, a score of 2 for definite BrS in family (first-/second-degree relative), a score of 0.5
for atrial fibrillation (AF) or atrial flutter in patients younger than age 30 ( no alternative
etiology), and a score of 0.5 for probable pathologic genetic mutation which may lead
to BrS [9]. SCN5A gene-mutation type and a BrS genetic risk score is associated with
BrS phenotype in patients with spontaneous type 1 BrS ECG pattern or family members
with SCN5A mutations [49]. Importantly, MRI studies have shown a correlation between
maximal ECG ST segment elevation and maximal RVOT area in the presence of BrS type
1 ECG pattern [50].

3.2. Risk Stratification in BrS

ESC guidelines on ventricular arrhythmias and the prevention of SCD [28] recommend
focusing on risk stratification and clinical decisions in the presence of previous SCA or
documented spontaneous sustained VT, spontaneous diagnostic type 1 BrS ECG pattern,
syncopal episodes, and inducible VF during programmed ventricular stimulation (PVS)
(using two–three extrastimuli at two sites). According to the American Heart Association,
the American College of Cardiology, and the Heart Rhythm Society (AHA/ACC/HRS)
recommendations, for additional risk stratification in asymptomatic BrS patients and in pa-
tients with spontaneous type 1 BrS ECG pattern, electrophysiological study (EPS) with PVS
(using single and double extrastimuli) may be beneficial [51]. Wakamiya et al. evaluated
the emphasis of arrhythmic syncope history or unexplained syncope and VF inducibility
by ≤two extrastimuli during PVS according to new guidelines of the Japanese Circulation
Society to help determine ICD indication in patients with BrS [52]. The research studied
234 BrS patients where 20% had VF history, 43% had syncope history, and 37% were asymp-
tomatic at diagnosis [52]. Patients underwent PVS at RV apex or RVOT (1–3 extrastimuli)
and mean follow-up was 6.9 ± 5.2 years [52]. The study underlined a less aggressive
approach for PVS in BrS risk stratification.

Spontaneous type 1 BrS ECG pattern and syncopal episode history, fragmented QRS
(fQRS), and ventricular effective refractory period (VRP) <200 milliseconds have been inde-
pendently associated with ventricular arrhythmic events in BrS [53]. Moreover, prominent
R wave (≥0.3 mV or R/q ≥ 0.75) in lead aVR (aVR sign) was identified to be associated
with arrhythmic events in BrS [54]. Fever may precipitate both Brugada type 1 and 2 ECG
patterns in patients who have normal baseline ECG [8], and predispose to the development
of life-threatening ventricular arrhythmias and SCD [10]. However, a recent study indicated
that asymptomatic patients with fever-induced type 1 BrS ECG pattern, negative family
history of sudden death, and without spontaneous type 1 BrS ECG pattern are at low risk
for future arrhythmic events [55].

Prolonged QRS complex duration, >120 milliseconds on standard 12-lead ECG due to
slowed depolarization, was more pronounced in BrS patients expressing symptoms and
may predict future MAE [12]. Moreover, T-peak to T-end (Tpe) intervals were identified
as novel ECG markers in BrS patients for MAE prediction. High-risk BrS patients had
longer Tpe interval in lead V1 and Tpeak-Tend/QT ratio compared to low-risk BrS pa-
tients [25]. Recently, based on 12-lead ECG data extracted from automated measurements
in BrS patients, novel markers (i.e., ST slope) in predicting arrhythmic events in BrS were
identified [27]. The authors stated that, using a weighted scoring system determined from
QRS frontal axis, QRS duration, S wave duration and ST slope in lead I, as well as R wave
duration in lead III, spontaneous VT/VF incidence may be predicted [27].
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A new research performed on patients with drug-induced type 1 BrS ECG pattern who
underwent PVS showed that a novel ECG marker dST-Tiso interval (the longest interval
from V1-2 in the second, third, or fourth intercostal space) following ajmaline injection to
be a significant predictor for the inducibility of ventricular arrhythmias (sustained or hemo-
dynamically significant polymorphic VT of VF requiring direct current shock) [56]. The
dST-Tiso interval lies in between the initiation and termination (at the isoelectric line) of the
elevated coved ST-segment [56]. The dST-Tiso interval displayed adjusted OR 1.03 (95% CI:
1.01–1.04, p < 0.001) for ventricular arrhythmias inducibility. At the same time, dST-Tiso
interval > 300 ms displayed 92.0% sensitivity, 90.2% specificity, 82.1% positive predictive
value, and 95.8% negative predictive value for VT/VF inducibility prediction [56].

SCN5A gene variants may be important predictors of fatal events in BrS and valuable
in risk stratification [57]. Loss-of-function SCN5A mutations have shown association with
prolonged ECG conduction parameters (P wave or QRS durations) and increased occur-
rence of lethal arrhythmic events compared to the non-loss-of-function SCN5A mutations
or SCN5A(−) BrS patients [57].

In BrS individuals, the presence of structural anomalies in the epicardium of the RVOT
may contribute to arrhythmias [38]. Endocardial unipolar electroanatomical mapping
technology may identify RVOT electrical abnormalities with VF inducibility during PVS
and assist in BrS risk stratification [38,58]. Endocardial high-density electroanatomical
mapping may permit BrS risk stratification in asymptomatic patients (referred for PVS) [38].

Published studies have discussed clinical risk score models in patients with BrS and
were reviewed recently in detail [59]. Briefly, the Shanghai Brugada scoring system was
predictive for malignant arrhythmic events among patients evaluated for BrS who were
asymptomatic (n = 271), experienced syncopal episodes (n = 99), or had previous VF
(n = 23) [47]. Importantly, there were no malignant arrhythmic events in patients with a
score of 3 or less (possible or nondiagnostic BrS) [47]. In a multicentric study of 1613 BrS
patients, 20% symptomatic (after aborted SCA or syncope) at diagnosis, researchers eval-
uated the Shanghai score of all patients and Sieira score of 461 patients (mean follow-up
6.5 ± 4.7 years) [60]. While both scoring systems identified arrhythmic events risk in pa-
tients with significantly elevated or reduced scores, risk stratification was challenging in
intermediate-risk patients, e.g., Sieira score 2–4 [60]. Another multicenter international
study of 1110 BrS patients developed a risk-score model for SCD or ventricular arrhythmias,
and studied 16 proposed ECG/clinical markers for risk stratification and ICD therapy indi-
cation [61]. In a median follow-up of 5.33 years, 10.3% of patients had SCD or ventricular
arrhythmias, and increased risk was associated with four factors: spontaneous type-1 BrS
ECG pattern (14 points), possible arrhythmic syncope or early repolarization in peripheral
leads (each 12 points), and type-1 BrS ECG pattern in peripheral leads (9 points) [61].

4. Treatment of Patients with BrS

According to the ESC guidelines, implantable cardioverter–defibrillator (ICD) place-
ment is recommended for the management of BrS patients with aborted SCD or documented
spontaneous sustained VT, and should be considered in patients with spontaneous BrS type
1 ECG and previous syncope history [28]. Decision on ICD implantation and approaches
for the timeline of treatment in BrS patients should involve evaluation of the risk of ven-
tricular arrhythmias, possible complications and adverse events such as inappropriate
ICD shocks, and the impact on the patients’ quality of life [62,63]. Pharmacotherapy with
quinidine or isoproterenol should be considered in BrS individuals for the treatment of
recurrent VT/VF, such as in electrical storms [28,62]. Quinidine may also be an alternate
treatment option for supraventricular arrhythmias or in patients with contraindications to
ICD placement [28,62].

A relatively novel and promising approach to treatment in BrS patients is catheter
ablation. Epicardial catheter ablation of the RVOT may be considered in patients with
repetition of appropriate ICD shocks or previous electrical storms [28,64]. In a study of BrS
patients with inducible VT/VF, catheter ablation of the epicardium of RVOT resulted in
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ventricular arrhythmias that were noninducible in majority of the patients, normalization
of the BrS type 1 ECG pattern, and no recurrence of VT/VF in the long term follow-up [65].
In BrS individuals, lifestyle choices such as avoiding consumption of excessive alcohols
or heavy meals, avoiding drugs or medications which may induce arrhythmias (http://
www.brugadadrugs.org, 26 March 2022), and immediate antipyretic treatment of fevers are
of great clinical value [28].

Some of the published data on MAE risk stratification in BrS seems to be inconclusive
or based on limited patient groups. In addition, conflicting evidence is present for the value
of PVS during EPS in risk stratification [53,66]. Therefore, we propose a series of extensive
umbrella reviews to investigate previous meta-analyses on BrS and evaluate current risk
stratification options such as genetic testing, ECG, and PVS for MAE risk stratification, and
clinical management guidance.

5. Protocol for Umbrella Reviews of Meta-Analyses in MAE Risk Stratification in BrS

The protocol for our umbrella reviews follows the Preferred Reporting Items for
Systematic review and Meta-Analysis Protocols (PRISMA-P) [67] guidelines. Modifications
to the protocol will be reported in our final publications. Figure 2 displays an outline of our
planned umbrella reviews.

5.1. Major Questions of Umbrella Reviews

• What is the association between MAE and clinical factors such as positive family
history of SCD in BrS individuals based on an integrative evaluation of previous
meta-analyses?

• How can ECG changes such as QRS complexes prolongation, fQRS, AV conduction
delay, T-peak to T-end (Tpe) interval, and prolonged QTc interval be used to predict
life-threatening ventricular arrhythmias in patients with BrS?

• What role does EPS, PVS, genetic studies, and features of sodium channel blocker
challenge have on predicting MAE and sudden fatalities in BrS?

5.2. Aims of Umbrella Reviews

The planned umbrella reviews of meta-analyses aim to provide a critical meta-evaluation
of MAE risk stratification in BrS, focusing on clinical, ECG, EPS, PVS, and genetic factors.
This will significantly advance our understanding of BrS MAE risk stratification and facili-
tate evidence-based diagnosis and treatment approaches in clinical practice. Our research
may potentially alleviate the risk of sudden death and improve the quality of life in BrS
patients and their families.

5.3. Type and Method of Review

Umbrella review, systematic review, meta-evaluation of meta-analyses.

5.4. Search Strategy and Study Selection

Extensive searches of major databases PubMed, Embase, and Scopus will be performed
by at least two researchers independently including the following keywords: Brugada
syndrome; sudden unexpected nocturnal death syndrome; Brugada ECG; Brugada elec-
trocardiographic; major arrhythmic event; ventricular tachycardia; ventricular fibrillation;
appropriate implantable cardioverter–defibrillator therapy; sudden cardiac arrest; sudden
cardiac death; prognosis; risk; and meta-analysis. Initial search queries for the databases
are shown in Supplementary Materials. Timeline of the search will be until 31 March 2022,
and no restrictions will be applied based on language or study publication year. From
the search results, after initial screening of titles and abstracts, meta-analyses concerning
BrS patients and their relevant outcomes (i.e., MAE—including SCA and SCD) will be
considered for our analysis. Reference search of selected studies will be performed to
identify additional meta-analyses on BrS and patients with BrS ECG patterns. Relevant
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abstracts (of nonpublished articles) will be entered into a supplemental table for further
review and discussion.

We will evaluate the quality of obtained publications using A MeaSurement Tool to
Assess systematic Reviews 2 (AMSTAR 2) [68]. It includes 16 questions to critically appraise
and score studies on a scale from high to critically low. Seven domains (2,4,7,9,11,13,15) are
most crucial for a systematic review. Two authors will independently apply AMSTAR 2
for each meta-analysis, and variance in evaluation will be resolved by discussion and final
consensus among authors.

 

Figure 2. Flow diagram for umbrella reviews on Brugada syndrome risk stratification for major
arrhythmic events. Abbreviations: AMSTAR-2—A MeaSurement Tool to Assess systematic Reviews 2;
AV—atrioventricular; BrS—Brugada syndrome; CI—confidence interval; ECG—electrocardiograph;
EPS—electrophysiology study; fQRS—fragmented QRS; GRADE—Grading of Recommendations,
Assessment, Development and Evaluation; ICD—implantable cardioverter defibrillator; JBI—Joanna
Briggs Institute; MAE—major arrhythmic events; OR—odds ratio; PVS—programmed ventricular
stimulation; QT—QT interval; QTc—corrected QT; RCT—randomized controlled trial; RR—risk ratio;
SCD—sudden cardiac death; Tpe—T-peak to T-end interval.
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5.5. Inclusion Criteria

Meta-analyses on BrS patients concerning MAE, including sustained VT, VF, appropri-
ate ICD therapy (antitachycardia pacing or shock), SCA, and SCD [28,69] risk stratification.
Preferentially, the European Society of Cardiology (ESC) definition of BrS diagnosis will be
used [28]. However, to ensure the comprehensiveness of our study, other BrS definitions
used before the publication of 2015 ESC guidelines will be included, especially in terms
of earlier meta-analyses. Additionally, studies on patients with BrS ECG patterns will be
analyzed and considered for inclusion [70].

5.6. Exclusion Criteria

We will exclude studies with nonrelevant data, non-BrS articles, and publications
that are not meta-analyses (e.g., case reports), unless required for statistical evaluation.
During our search process, if we encounter abstracts with relevant meta-analytic data for
BrS, and the full-text article of this work was not published, we will add the data into a
supplemental table for review as it may be of clinical importance. To avoid duplication of
the data, we will exclude:

• older versions of updated meta-analyses;
• publications which included smaller number of studies or smaller number of patients

on the same risk stratification tool [71].

5.7. Participants/Population

Patients diagnosed with BrS, patients with BrS ECG patterns, and controls (if applicable).

5.8. Types of Interventions or Exposures

Our objective is to use an integrative approach to evaluate quantitative data from
selected meta-analytic studies in BrS patients (Figure 2):

• clinical factors such as fever-induced BrS ECG pattern, syncope, and positive SCD
family history;

• spontaneous and drug-induced type-1 BrS ECG pattern;
• supraventricular and ventricular arrhythmias—including appropriate ICD therapy,
• depolarization and/or repolarization abnormalities due to factors such as atrioven-

tricular conduction delay, prolonged QRS duration, fQRS, early repolarization, late
potentials, and Tpe interval prolongation;

• abnormal EPS and/or PVS;
• genetic variants associated with BrS.

5.9. Planned Umbrella Reviews Include

• Analysis of clinical (i.e., previous syncope) and ECG factors, including ECG parameters
such as prolonged QRS duration, atrioventricular conduction delay, Tpe, fQRS, QTc
prolongation, late potentials, arrhythmias, fever-induced type 1 BrS ECG pattern, and
the impact of sodium channel blocker challenge features for MAE risk stratification
in BrS.

• Evaluation of the influence of genetic factors, and family history of BrS or SCD at
young age, on life-threatening ventricular arrhythmias.

• Analysis of EPS and PVS for MAE risk stratification in BrS.

5.10. Context

Our umbrella reviews will seek to investigate the impact of clinical factors, data from
additional diagnostics or testing, and exposures experienced in BrS patients. We will
analyze potential preventive measures, treatments, and the risk of MAE in patients with
BrS and BrS ECG patterns. There are no restrictions to context. However, due to the extent
of the context, we will consider writing more than one umbrella review on this topic.
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5.11. Types of Studies

Studies considered for evaluation include meta-analyses of all study designs such
as randomized controlled trials, prospective and retrospective cohort studies, and case-
control studies.

5.12. Condition or Domain Being Studied

Clinical and ECG factors, genetic testing, family history of SCD or BrS, and EPS/PVS
for MAE risk stratification or assessment in BrS patients and their families.

5.13. Main Outcomes

• Evaluation of association between multiple potential MAE risk stratification parame-
ters and MAE in individuals with BrS (e.g., listed in Figure 2).

• Application of meta-evaluation results to facilitate evidence-based diagnosis and
treatment approaches in order to mitigate the risk of SCD and improve the quality of
life in BrS patients and their relatives.

5.14. Planned Measures of Effect

For each clinical and ECG factors, genetic testing, and EPS/PVS reviewed across
meta-analytic studies, we plan to evaluate and compare available data for the relative
risk (RR), odds ratio (OR), mean difference (MD), weighted mean difference (WMD),
and risk difference (RD), as applicable. Statistical significance will be analyzed in terms
of p-value <0.05 and 95% confidence intervals (CI). We plan to assess heterogeneity by
analyzing Q statistics and I2 values reported in the studies.

5.15. Data Extraction (Selection and Coding)

Full-text articles and abstracts retrieved from the search strategy and additional sources
will be screened based on the eligibility criteria specified above. Data from each study will
be extracted into a standardized data extraction template which will include first author
name, publication year, inclusion criteria, type of studies, number of studies, databases
searched, time period of the search, number of patients included, follow-up information,
patient characteristics, and major research findings. Calculations and data extraction from
figures and tables will be performed as needed to obtain the data of interest from each
study. A comprehensive data review by at least two authors will ensure data quality
and completeness of the systematic review. Discrepancies and concerns will be resolved
through discussions among authors.

5.16. Risk of Bias (Quality) Assessment

At least two authors will perform the search procedure, comprehensive data extrac-
tion, and review for quality assessment. Discrepancies about quality of the articles or
specific data items will be resolved by discussion and consensus between reviewers. Notes
regarding all sources of data and any potential inconsistencies will be discussed.

The Grading of Recommendations, Assessment, Development and Evaluation (GRADE)
will be used for evaluating the quality of evidence and presenting clinical management
suggestions from our selected studies [72]. The evidence quality will be assessed on a
scale from high to very low based on the indication of likely effect and the probability of
the effect being different [72]. The GRADE specifications provide guidance for forming
questions, selecting and scoring data of interest, analyzing evidence, assessing biases, and
handling imprecision and inconsistencies in the results [72].

5.17. Strategy for Data Analysis/Synthesis

We will incorporate the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for
Systematic Reviews and Research Syntheses for our umbrella reviews [73]. Data will be
synthesized using an integrative approach from each study for each category to provide
evidence-based analysis for usage in clinical practice.
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Data will be reported with transparency, accuracy, and completeness in tabular format.
All sources of evidence and calculations will be reported with precision and integrity.
Analytic summaries of subsets of data and our research outcome will be described in
text, figures, and/or tables. In case of overlapping studies in multiple meta-analyses,
inconsistency in data will be reviewed and addressed. The GRADE methodology will be
applied for evaluating the quality of the evidence retrieved from our selected studies [72].

For statistical evaluation and comparison of variables from different studies, we plan
to include OR, CI, risk ratio, MD, WMD, and RD based on the available data. We will
consider reporting frequencies and percentages, and consider the conversion of all the
common effect sizes for all factors analyzed to equivalent ORs, if applicable. We plan to
determine the heterogeneity across studies according to the variance between the studies
(Tau-squared, I2). We will consider I2 > 50% to reflect significant statistical heterogeneity.
For I2 < 50%, the fixed-effects model will be used; otherwise, the random-effects model
using the inverse variance heterogeneity method will be used. To identify the source of
heterogeneity, sensitivity analysis using the leave-one-out method will be considered. To
assess possible publication bias, we plan to perform funnel plots, Begg’s, and Egger’s
test, if applicable. We plan to calculate sensitivity, specificity, and likelihood ratios of
the different risk markers according to the available data. Finally, if the included studies
vary substantially in their methodological quality, we will consider a sensitivity analysis
including only those studies with a low risk of bias. We plan to use STATA 13 from
StataCorp (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX, USA:
StataCorp LP.) and R software (RStudio Team (2020). RStudio: Integrated Development for
R. RStudio, PBC, Boston, MA, USA) for statistical analysis.

6. Discussion

Advancement in MAE risk stratification is important for patients with cardiovascular
diseases, including arrhythmogenic and conduction disorders and rare arrhythmias [74–77],
which include patients with BrS and their family members. Several problems should be
highlighted in diagnosis and risk stratification in patients with BrS. The initial step should
be associated with detailed ECG assessment and the exclusion of Brugada phenocopy,
where the Brugada ECG pattern is observed during metabolic abnormalities, ischemia,
or other causes and is no longer noticed when these conditions resolve [70]. PVS may
assist in evaluating the risk of arrhythmias in subgroups of patients such as BrS patients
with drug-induced type 1 ECG pattern and experiencing unexplained syncope or patients
without symptoms with spontaneous type 1 ECG pattern [78].

Guidelines from both ESC and AHA/ACC/HRS underlined that, at the time of their
publication, genetic testing did not influence prognosis in BrS patients [28,51]. However,
genetic testing and counseling may be valuable in first-degree relatives of SCD victims
as it may help identify inherited BrS [51]. Progress in genetics, including genome-wide
association studies and clinical research are promising in BrS patient management. We
hope our research outcome will shed new light on potential new or combined factors for
SCD risk stratification in BrS, and facilitate future clinical decisions and practice guidelines
based on the quality of present evidence.

Our research outcome will hopefully advance our understanding of BrS risk strat-
ification for efficient diagnosis and treatment approaches, and potentially reduce SCD
risk by timely interventions such as ICD placement [63] or epicardial catheter ablation
of the RVOT [64]. Our umbrella reviews may promote early detection, prevention, and
counselling of patients with BrS, who might be susceptible to MAE events triggered by
alcohol, fever, heavy meals, specific types of exercise, cocaine, and selected drugs [9,11,45].
Our proposed umbrella reviews will provide a valuable summary of and supplement to
meta-analytical research in the scientific community for clinical practice. Further, we may
consider specific ethnic and geographical factors for MAE risk stratification in BrS [6].
While highest prevalence of BrS is in Southeast Asia, the prevalence in the United States
reaches about 0.012%, and the prevalence in North Africa seems to be the lowest [6,7]. When
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considering diverse ethnicities, BrS is 9 times more common in Asians than in Caucasians,
and 36 times more common in Asians compared to Hispanics based on population-based
ECG studies [6].

Our umbrella reviews will pertain to typical limitations of umbrella reviews and will
be restricted to analysis of data reviewed and reported by published meta-analyses, and by
any limitations of these studies. We would like to invite clinicians and researchers to send
us comments on the planned umbrella reviews based on current meta-analyses. We are
open to collaboration.

7. Conclusions

Our review underlines the complexity of BrS with multiple factors influencing patho-
genesis, diagnostics, and risk stratification. To the best of our knowledge, the planned
systematic reviews and evaluations of meta-analyses will be the first umbrella reviews to
summarize the current state of knowledge in BrS meta-analyses for MAE risk stratifica-
tion. Our research may contribute valuable evidence-based guidance in clinical decisions,
alleviate the burden of SCD, and improve the quality of life in patients with BrS.
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Abstract: Structural, hemodynamic, and morphological cardiac changes following Fontan operation
(FO) can contribute to the development of arrhythmias and conduction disorders. Sinus node dys-
function, junction rhythms, tachyarrhythmias, and ventricular arrhythmias (VAs) are some of the
commonly reported arrhythmias. Only a few studies have analyzed this condition in adults after FO.
This study aimed to determine the type and prevalence of arrhythmias and conduction disorders
among patients who underwent FO and were under the medical surveillance of the John Paul II
Hospital in Krakow. Data for the study were obtained from 50 FO patients (mean age 24 ± 5.7 years;
28 men (56%)). The median follow-up time was 4 (2–9) years. Each patient received a physical exami-
nation, an echocardiographic assessment, and a 24 h electrocardiogram assessment. Bradyarrhythmia
was diagnosed in 22 patients (44%), supraventricular tachyarrhythmias in 14 patients (28%), and VAs
in 6 patients (12%). Six patients required pacemaker implantation, and three required radiofrequency
catheter ablation (6%). Arrythmias is a widespread clinical problem in adults after FO. It can lead to
serious haemodynamic impairment, and therefore requires early diagnosis and effective treatment
with the use of modern approaches, including electrotherapy methods.

Keywords: single ventricle; Fontan operation; cardiac arrhythmias; catheter ablation

1. Introduction

Patients with congenital heart disease with single ventricle physiology constitute
a heterogeneous and difficult-to-treat group, both in terms of hemodynamic changes
and rhythm and conduction disorders. Currently, the preferred therapy for this patient
population is the Fontan operation (FO), which aims at separating pulmonary and systemic
circulation in order to achieve normal or near-normal blood oxygenation [1]. Over the last
50 years, the methods and techniques used for the surgical treatment of univentricular
heart defects have undergone numerous changes [2]. Initially, FO was performed in a single
stage, connecting the right atrium with the pulmonary artery (known as atriopulmonary
connection (APC)) either directly or using a vascular prosthesis. However, this approach
was eventually abandoned due to the high mortality rate and high number of complications.
APC has now been replaced with the total cavopulmonary connection (TCPC), which
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includes an intracardiac or extracardiac conduit (ECC) between inferior vena cava and
pulmonary artery, with bidirectional Glenn connection (superior vena cava–pulmonary
artery) [1,2]. Some patients undergo fenestration, which allows unsaturated blood to
be shunted to the systemic circulation at the atrium level, increasing cardiac output at
the cost of cyanosis [3]. However, surgical traumatization, remodeling due to enhanced
atrioventricular regurgitation, and increased stress and fibrogenesis of atrium and ventricle
walls leads to the formation of areas of nonhomogeneous electric activity which in turn
contributes to the development of arrhythmia and conduction defects [4].

Arrhythmias commonly observed in patients who, following FO, include sinus node
and atrio-ventricular dysfunction, atrial tachycardia (ranging from focal arrhythmia to
macro-reentry involving conduit as well as systemic atrium), atrial flutter (AFL), atrial
fibrillation (AF) and ventricular arrhythmias (VAs) [1]. Thus far, only a few studies have
analyzed the incidence of arrhythmic events in patients following FO. According to the
literature, the incidence of sinus node dysfunction ranges from 9 to 60% [5–10]. In a study
on a group of pediatric patients, Stephenson et al. [11] observed that 9.4% of children had
supraventricular tachycardia (SVT) and 3.5% had VA after 8.6 years of FO. A Danish study
conducted among adults >20 years of age reported that the incidence of arrhythmias in
population following FO was 32% [12].

Treatment of the arrythmias in this group of patients due to complex anatomy, multiple
surgical scars, and hypertrophied atrium could be very challenging. Pharmacotherapy is
often ineffective and may lead to significant bradycardia. Catheter ablation can be safe and
effective in reducing arrythmia burden after FO but require experienced electro-physiologist
and well-equipped medical facilities [13].

The occurrence of arrhythmias significantly increases the risk of developing heart
failure and sudden cardiac death (SCD) [1]. Therefore, early identification of patients
who are at the highest risk of death due to arrhythmias (or atrial arrhythmias with rapid
conduction to ventricles) following FO is important.

In this study, we aimed to determine the type and prevalence of rhythm and conduc-
tion abnormalities and present our own experience in treating patients following FO who
were under the medical supervision of the Congenital Heart Disease Team of the John Paul
II Hospital in Krakow.

2. Materials and Methods

2.1. Study Participants

This retrospective study included 50 adult patients aged over 18 years. All patients
underwent FO following the diagnosis of a functionally single ventricular heart and were
under the care of the John Paul II Hospital. The main exclusion criteria included diabetes,
current infection, inflammation, neoplastic disease, major trauma, pregnancy, and history of
alcohol abuse. The median (Q1–Q3) follow-up time was 4 (2–9) years. During regular visits
in our institution, each patient went through all required examinations and procedures.
Depending on their results, specific therapeutic decisions were made. The demographic,
anatomic, and clinical data of the patients were obtained from their medical records. Each
patient was subjected to a physical examination and an assessment of the body mass
index (BMI), systemic ventricle ejection fraction, and arterial oxygen saturation. BMI was
calculated by dividing the weight of the patient (kg) by height (m2).

2.2. Echocardiography

Ejection fraction of the single ventricle was assessed using Simpson’s method. Valvular
competence was also evaluated in the patients by two experienced, independent cardiol-
ogists using echocardiography (Vivid 7, GE Medical Systems, Milwaukee, WI, USA) as
previously described [14].
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2.3. Ambulatory 24-h Electrocardiogram

Standard 24-h electrocardiographic monitoring was performed using commercially
available Holter systems in all patients during their daily activities. All Holters were
reviewed by two experienced observers. Recordings were analyzed using a PC-based Holter
system, and those shorter than 21 h were excluded from the assessment. The predominant
rhythm was defined as the one present for >50% of the time during the Holter recording.

2.4. Arrhythmia

The following groups of rhythm abnormalities were defined as tachyarrhythmias:
(1) SVT, including sustained and non-sustained atrial tachycardia (AT, nsAT), supraven-
tricular ectopic beats (Svebs), and AFL and AF; (2) VAs including sustained ventricular
tachycardia (VT) and non-sustained ventricular tachycardia (nsVT), premature ventricular
contraction (PVC), and ventricular fibrillation (VF). SVT and VAs were defined based on
the guidelines of the European Society of Cardiology (ESC) [15–17]. Bradyarrhythmia was
defined as heart rate < 60 beats per minute for a minimum of 1 min and included sinus
node dysfunction and atrioventricular block (AVB) [18].

2.5. Mapping and Ablation Procedure

Patients with sustained, symptomatic atrial tachyarrhythmias, who had failed medical
treatment, were recommended to undergo ablation. Catheter ablation procedures were
performed under general anesthesia using the CARTO electroanatomic mapping system
(Biosense Webster Inc., Diamond Bar, CA, USA). In the first case with SVT and VA abla-
tion (2010, 2013), mapping was performed using an ablation catheter, and in the second
case (2021) using a multipolar Pentaray diagnostic catheter supported with the Coherent
Mapping algorithm (CARTOPRIME module). In two cases (2010, 2013), ablations were
performed using 3.5 mm catheters with an open irrigated tip (Biosense Webster Navistar
Thermocool), and in one case (2021) using 3.5 mm catheters with an open irrigated tip
and a contact force sensor (SF, Thermocool SmartTouch®, Biosense Webster Inc., Diamond
Bar, CA, USA). The parameters used for radiofrequency (RF) application were as follows:
power: 35 W, flow of irrigation: 15–30 mL/min, time of application: 60 s, temperature
limit: maximum 45 ◦C, and ablation index: posterior wall—400 and the other side—500. If
arrhythmias were not present at the onset of the procedure, voltage maps (0.1–0.3 mV) were
collected during sinus rhythm (Figure 1a), followed by which arrhythmias were induced
with programmed atrial pacing from s 10-pole steerable diagnostic catheter located in the
lateral tunnel (LT). The arrythmia mechanism was determined by high-density activation
mapping and entrainment pacing (if possible) (Figure 1b). The origin of PVC was identified
by activation mapping, in which the earliest endocardial potential advancing QRS was
determined during PVC. Additionally, pace-mapping was applied in the earliest activation
spot to confirm the localization of PVC, with a PVC compatibility of at least 95% of the
complexes analyzed by an electrophysiological recording system (LABSYSTEM™ PRO,
Boston Scientific, Boston, MA, USA). The SVT ablation protocol assumed initial mapping
of LT followed by pulmonary atrium access if arrythmia elimination required this. In one
case of nsVT or PVC, a retrograde approach was used. The minimum follow-up period
was 12 months.

Long-term efficacy was defined as the absence of SVT symptoms or arrhythmia
episodes recorded in electrocardiogram (ECG) (or in 24 h electrocardiographic monitor-
ing). In cases with VA, it was defined as a significant reduction in arrhythmia (>80%
reduction in the initial amount) or the lack of VT or nsVT observation in ECG or in 24 h
electrocardiographic monitoring after a healing period (after 3 months) or in repeated 24 h
electrocardiographic monitoring (every 6–12 months).
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Figure 1. Procedure of supraventricular arrhythmia ablation in a patient after FO. (A) Fast anatomic
map with a high-density voltage map (0.1–0.3 mV) of LT collected during sinus rhythm (CARTO,
Biosense Webster Inc.). Extensive scaring at the anterolateral area of the tunnel with multiple double
(blue dots) and fragmented potentials (white dots). Fragmented potentials recorded from Pentary
diagnostic catheter are shown on the left side of the figure. (B) Activation map of AT (cycle length
(CL): 380 ms, 80% of the CL in LT) created with a coherent mapping algorithm (CARTOPRIME,
Biosense Webster Inc.). Electrocardiograms recorded from ablation and diagnostic catheters during
AT termination are shown on the left side of the figure. White star—spot of AT termination during
radiofrequency application.
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2.6. Statistical Analysis

Data were presented as numbers and percentages for categorical variables, means with
standard deviations (SDs) for normally distributed continuous variables, and medians with
lower and upper quartiles (Q1–Q3) for continuous variables with a nonnormal distribution.
The normality of data distribution was verified by a Kolmogorov–Smirnov test. Categorical
variables were analyzed using the χ2 test or Fisher’s exact test as appropriate. All the
analyses were performed in IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp.,
Armonk, NY, USA). Statistical significance was set at p < 0.05.

3. Results

3.1. Patients’ Characteristics

A total of 50 adult patients (mean (SD) age: 24 (5.7) years; 28 men (56%)) who under-
went FO were enrolled in the study. The median (Q1–Q3) age of patients at the time of
surgery was 4 (2–6) years, and the mean (SD) time after surgery was 20.5 (4.7) years. Out
of 50 patients, 34 (68%) had fenestration, while 16 (32%) had no fenestration. The mean
ejection fraction of the systemic ventricle was 53 ± 9.9%. The baseline characteristics of the
studied patients are presented in Table 1.

Table 1. Baseline characteristics of patients after Fontan operation (FO).

Variables Fontan Patients (n = 50)

Age, years 24 (5.7)

Female sex, n (%) 22 (44)

Height, cm 170 (8.1)

Body mass index, kg/m2 22.6 (3.2)

Anatomic diagnosis, n (%)

Tricuspid atresia 8 (16)

Pulmonary stenosis/TGA 15 (30)

Right ventricular hypoplasia 13 (26)

Hypoplastic left heart syndrome 6 (12)

Double-outlet right ventricle with left
ventricular hypoplasia 6 (12)

Double-inflow left ventricle 1 (2)

Common atrioventricular canal 1 (2)

Systemic ventricle type, n (%)

Left ventricle 30 (60)

Right ventricle 20 (40)

NYHA functional class, n (%)

I 5 (10)

II 41 (82)

III 4 (8)

IV 0 (0)

Types of FO, n (%)

Total cavopulmonary connection, 48 (96)

Lateral tunnel 47
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Table 1. Cont.

Variables Fontan Patients (n = 50)

Extracardiac conduit 1

Atriopulmonary connection 2 (4)
Abbreviations: NYHA, New York Heart Association; TGA, transposition of great arteries. Continuous data are
presented as means (SD), and categorical data as numbers (percentage).

3.2. Arrhythmia

Among the studied patients, bradyarrhythmia was detected in 25 (50%). The most
common arrhythmia observed in patients after FO was sick sinus syndrome, which was
primarily symptomatic and caused nocturnal bradycardia up to 35/min. Holter records
of six patients showed pauses over 2 s. Low-atrial rhythm was recorded in five patients,
and atrioventricular dissociation with substitute nodal rhythm in five. The AVB type 1 was
observed in two patients, while advanced AVB (type 2 or 3) occurred in six patients and
required pacemaker implantation for permanent pacing. Five devices were implanted by
cardiac surgery (epicardial single (ventricle) chamber pacemaker electrode), and one was
implanted intravenously (dual-chamber pacemaker) (Figure 2). After implantation, two
patients developed cardiac device-related infective endocarditis requiring the removal and
reimplantation of the device.

  
(a) (b) 

Figure 2. Chest X-ray after pacemaker implantation in atriopulmonary projection after an FO
procedure: (a) with a VVI epicardial lead after a cardiosurgery procedure and (b) with a DDD
endocardial lead after transvenous implantation. L means left side.

Supraventricular tachyarrhythmias were noted in 14 patients (28%), of which three
patients had AT (6%) and one additionally had paroxysmal AF. Permanent AF was observed
in one patient. Two patients with AT (4%) required RF catheter ablation due to significant
symptoms, and one had asymptomatic permanent AT with a daily average ventricular
rate of about 50–55/min and remains under clinical observation. The most commonly
observed arrhythmias in the SVT group were nsAT and Svebs (n = 8, 16%). From this
group, three patients required medical treatment with B-blockers due to the presence of
arrhythmia symptoms.

VAs were observed in six patients (12%). nsVT and PVC were recorded in all these
patients. None of the patients had VT or VF. One patient required RF ablation, due to
symptomatic Vas. Among the six patients, two were treated with sympathico-mimetic
(salbutamol) for concomitant sinus bradycardia and one required pharmacological treat-
ment (sotalol) due to the presence of severe VAs (nsVT) and symptoms.

Prevalence of arrhythmia identified based on Holter measurements, the number of
pacemakers implanted, and ablation procedures performed in the patients after FO are
presented in Table 2.
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Table 2. Holter measurements, the number of pacemakers implanted, and ablation procedures
performed in patients after FO.

Arrythmia Type, Catheter Ablation, Device Implanted Fontan Patients (n = 50)

Dominant SSS with bradycardia 25 (55%)

- Pause > 2 s 6

- Low-atrial rhythm 5

- Nodal rhythm/atrioventricular dissociation 5

- AVB-1 2

- AVB-2 0

- AVB-3 6

Supraventricular tachyarrhythmias 14 (28%)

- In the form of sustained AT 3 (6%)

- In the form of nsAT, Svebs 8 (16%)

- In the form of AF/AFL 2 (4%)

VAs (in the form of nsVT and PVC) 6 (12%)

Catheter ablation 3 (6%)

- Paroxysmal AT 2 (4%)

- nsVT and PVC 1 (2%)

Device implanted (VVI/DDD) 6 (12%)

VVI—5, DDD—1, 2 devices removed because of cardiac
device-related infective endocarditis

Abbreviations: SSS, sick sinus syndrome; AVB-1, atrioventricular block type 1, AVB-2 atrioventricular block type
2; AVB-3, atrioventricular block type 3; AT, atrial tachycardia; nsAT, non-sustained atrial tachycardia; Svebs,
supraventricular ectopic beats; AF, atrial fibrillation; AFL, atrial flutter; VAs, ventricular arrhythmias; nsVT,
nonsustained ventricular tachycardia; PVC, premature ventricular contraction; VVI, single (ventricle) chamber
pacemaker; DDD, dual-chamber pacemaker.

3.3. Catheter Ablation

Ablation was performed in three patients. Two patients had paroxysmal AT, and one
had nsVT and PVC. All patients were symptomatic and resistant to pharmacological treat-
ment. In the first case with SVT, macro-reentrant AT (cycle length: 250 ms) was eliminated
from pulmonary atrium (retrograde access). In the long-term follow-up, recurrence of AT
and AF was observed after 2 years, and the patient required the implantation of pacemaker
(concomitant bradycardia) and intensification pharmacological treatment. In the second
SVT case, two ATs were induced during ablation. The first AT was eliminated in LT, and
the second was located out of LT. After failure of trans-fenestration access and additionally
due to clinical character of the AT (self-terminated, not repeatable induction) trans-baffle
puncture was not performed. If symptomatic arrythmia episodes recur during follow up
period, redoing the procedure should be considered. During follow-up, recurrence of
arrhythmia was not observed in the patients. VAs, in the form of ectopic nsVT and PVC,
were located in the anterior basal side of single ventricular heart. Activation mapping and
pace-mapping were carried out to determine the origin of arrhythmia. Acute success was
achieved after RF application. Recurrence of arrhythmia was not observed in long-term
follow-up. This patient died 6 years after ablation.
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3.4. Influence of Systemic Ventricle Morphology and Fenestration on the Incidence of
Rhythm Abnormalities

The presence of the right ventricle in the place of a systemic ventricle was associated
with a higher risk of developing ventricular rhythm abnormalities (Table 3, Figure 3a).

Table 3. Dependency between fenestration and systemic ventricle morphology and incidence of
rhythm abnormalities.

Bradycardia Ventricular Arrhythmia Supraventricular Arrhythmia Including AF/AFL

no yes no yes no yes no yes

Fenestration n % n % n % n % n % n % n % n %

no 10 62.50% 6 37.50% 16 100% 0 0.0% 11 68.8% 5 31.3% 14 87.5% 2 12.5%

yes 17 50.00% 17 50.00% 18 82.4% 6 17.6% 24 70.6% 10 29.4% 31 91.2% 3 8.8%

p-value 0.41 0.16 0.99 0.99

no yes no yes no yes no yes

Ventricular type n % n % n % n % n % n % n % n %

Right ventricle 5 50.0% 5 50.0% 7 70.0% 3 30.0% 7 70.0% 3 30.0% 9 90.0% 1 10.0%

Left ventricle 22 55.0% 18 45.0% 37 92.5% 3 7.5% 28 70.0% 12 30.0% 36 90.0% 4 10.0%

p-value 0.99 0.09 0.990 0.99

(a) (b) 

Figure 3. Dependency between ventricular type (a) and fenestration (b) and the incidence of
rhythm abnormalities.

No relationship was found between the presence of fenestration and the incidence
rate of rhythm and conduction abnormalities (Table 3, Figure 3b).

This study did not compare the influence of the type of surgery conducted (APC vs.
TCPC) on the incidence rate and type of rhythm abnormalities as the studied population
included a low number of patients who underwent APC (only 2 patients, i.e., 4%).

3.5. The Survival Assessment of Enrolled Patients

One patient, a 33-year-old man, died during the study, which is 2% of the study group
and 2.9% of the patients with arrhythmias. He had undergone catheter ablation due to VAs.
Recurrence of arrhythmia was not observed in the 6-year follow-up period. The reason for
death was a serious hemodynamic impairment in the course of significant atrioventricular
regurgitation and other extra-cardiac complications including hepatic disorders.

4. Discussion

In this study, we determined the type and prevalence of arrhythmias in the group of
adult people after FO.

Among the studied patients, bradyarrhythmia was detected in 25 (50%), of which
six (12%) required pacemaker implantation. Sinus node dysfunction may be caused by
primary anatomical changes (occurring) in the single ventricular heart or due to direct
damage to its vascular supply [19]. Previous works that compared the incidence of sinus
node dysfunction in patients following LT conduit and ECC do not clearly indicate which
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surgical method can lower the risk of conduction abnormalities [5,7,8,20,21]. However, the
latest guidelines regarding congenital heart diseases in adult patients support the use of
ECC [1]. Symptomatic sinus node dysfunction requires permanent pacemaker implantation.
In patients after FO, electrodes are located on the epicardium. Thus, every single decision
regarding implantation, particularly in the case of young patients, should be made with
caution, taking into account the possible complications in follow-up observation [22].

In the present study, supraventricular arrythmias were observed in 14 patients (28%).
These data are comparable with an available study which reported that supraventricular
tachyarrhythmias (including typical intra-atrial reentrant tachycardia, AFL, AF, and focal
AT) were observed in approximately 20% of patients after 10 years of FO [23]. The inci-
dence rate of arrhythmias was lower after TCPC than after APC and also lower after ECC
than after intracardiac connection (LT) [1]. Studies in the literature have described several
independent predictors of SVT, including the condition following APC, preoperative SVT,
elderly age at the time of FO and observation period, thromboembolic episode, pacemaker
implantation, moderate/serious atrioventricular valve regurgitation, and atrial enlarge-
ment [12,23]. Supraventricular arrhythmias, along with rapid conduction to ventricles, may
aggravate hemodynamics in Fontan circulation and lead to heart failure over a short period
of time and, in the worst cases, SCD [24]. Patients with supraventricular arrhythmias
should be referred for electrophysiological assessment as soon as possible, and ablation
should be performed if possible [1,25]. According to the literature, the efficacy rate of
ablation is 50–70% [26]. In the present study, ablation was performed in two patients (4%).
In the long-term follow-up, in the first patient recurrence of AT and AF was observed after
2 years and the patient required the implantation of a pacemaker (concomitant bradycardia)
and intensification pharmacological treatment.

In the second patient, no recurrence of SVT was observed in the 8-month observation period.
Ventricular rhythm abnormalities were recorded in six of the studied patients (12%).

In our studied patients the only form of VAs was ns VT and PVC and none of the patients
developed sustained VT or VF. In a study by Stephenson et al. [11], the incidence of VA
after 8.6 years of FO was 3.5% of patients. In a study on the combined pediatric and adult
population by Rychik et al. [27], the incidence rate of ventricular rhythm abnormalities,
including SCD, was assessed at 2–10%. The mechanism contributing to the formation of
VAs in the population of patients following FO remains unknown. It is assumed that VAs
may form from a ventriculotomy scar which allows for reentry circulation, enlargement of
the defect in the interventricular septum, increase in myocardial fibrosis, and ventricular
dilatation. These are especially dangerous for patients with anatomical right systemic
ventricle and single-ventricle dysfunction [11]. In this study, we observed that patients
with anatomical right systemic ventricle were more likely to have an increased incidence of
ventricular rhythm abnormalities.

Episodes of nsVTs were recorded in six patients. One of these patients, a 27-year-old
man, who was ineffectively treated with antiarrhythmic drugs, was qualified for and re-
ceived RF ablation, the effect of which was sustained in the 6-year follow-up period. In
recent years, novel treatment methods for arrhythmias have been developed, including ab-
lation, and electrophysiologists and cardiologists cooperate better in treating patients with
congenital heart defects. Furthermore, the development of electrophysiological mapping
systems has increased the possibilities of mapping and enabled the ablation of complex
atrial arrhythmias [28].

Malignant VAs may lead to SCD. Khairy et al. [29] stated that the incidence of SCD in
distant time from FO is 0.15% and in most of the cases reported annually, SCD is caused by
arrhythmias, although it is difficult to identify the possible prognostic factors. The treatment
of VAs using an implantable cardioverter defibrillator (ICD) in patients after FO is a major
challenge for electrocardiologists. The available studies in the literature have described
only single patients who required treatment with ICD after FO [30–33]. In the present study,
there were no cases in the patient group that would require ICD implantation.
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With the extension of follow-up time, the number of arrhythmias and conduction dis-
orders may increase significantly. Thus, the differences in the frequency of their occurrence
described in the literature may result from the length of the observation time.

5. Conclusions

Early diagnosis of arrhythmia in the patients who underwent FO is important as
arrhythmias may contribute to heart failure, embolization, and SCD. These patients should
be treated in multidisciplinary centers by experienced specialists with the use of modern
methods, such as ablation, which is a safe and effective method for treating both supraven-
tricular arrhythmias and VAs. The treatment of this patient group with ICD still remains a
huge challenge for electrocardiologists.

Further analyses on larger groups of patients are necessary to create multi-center
registries. The experience exchange between centers is required for the development of
guidelines for treating this complex group of patients.

Limitation of the Study

The limitation of this retrospective study is that the number of patients in the study
group was small and the population was relatively mixed. As the Fontan procedure was
introduced into clinical practice relatively recently, we can expect that single centers at this
stage of medical development may have fewer patients under medical supervision. Thus,
the limitation in the number of patients in the study group applies to most of the individual
centers in the world caring for this patient population.
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associations with organ complications in adults after Fontan operation. J. Clin. Med. 2021, 10, 4492. [CrossRef] [PubMed]

23. Durongpisitkul, K.; Porter, C.J.; Cetta, F.; Offord, K.P.; Slezak, J.M.; Puga, F.J.; Schaff, H.V.; Danielson, G.K.; Driscoll, D.J. Predictors
of early- and late-onset supraventricular tachyarrhythmias after Fontan operation. Circulation 1998, 98, 1099–1107. [CrossRef]
[PubMed]
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Abstract: Identification of sinus node dysfunction (SND) before termination of persistent AFL
by catheter ablation (CA) is challenging. This study aimed to investigate the characteristics and
predictors of acute and delayed SND after AFL ablation. We retrospectively enrolled 221 patients
undergoing CA of persistent AFL in a tertiary referral center. Patients with SND who required a
temporary pacemaker (TPM) after termination of AFL or a permanent pacemaker (PPM) during
follow-up were identified. Acute SND requiring a TPM was found in 14 of 221 (6.3%) patients
following successful termination of AFL. A total of 10 of the 14 patients (71.4%) recovered from acute
SND. An additional 11 (5%) patients presenting with delayed SND required a PPM during follow-up,
including 4 patients recovering from acute SND. Of these, 9 of these 11 patients (81.8%) underwent
PPM implantation within 1 year after the ablation. In multivariable analysis, female gender and a
history of hypothyroidism were associated with the requirement for a TPM following termination
of persistent AFL, while older age and a history of hypothyroidism predicted PPM implantation.
This study concluded that the majority of patients with acute SND still require a PPM implantation
despite the initial improvement. Therefore, it is reasonable to monitor the patients closely for at least
one year after AFL ablation.

Keywords: atrial flutter; catheter ablation; permanent pacemaker; sinus node dysfunction; temporary
pacemaker

1. Introduction

Atrial flutter (AFL), a common atrial tachyarrhythmia, includes both typical and
atypical forms. Radiofrequency catheter ablation (CA) has been implemented to terminate
AFL with promising results [1]. However, sinus node dysfunction (SND) may coexist in
patients with AFL. The presence of SND can become notable after termination of AFL,
and a pacemaker may be required [2,3]. Detection of SND before termination of AFL is
clinically challenging. At present, there are limited studies investigating the predictors or
risk factors for SND following termination of AFL.

Sinus node inactivity caused by atrial tachyarrhythmias might be reversed following
successful CA, and then the acute SND could recover. However, even without acute SND or
after the recovery of SND following AFL ablation, sinus node function may still deteriorate
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in some patients during follow-up. It is a dilemma to determine the duration of observation
in patients with acute SND after termination of persistent AFL and the exact time for
permanent pacemaker (PPM) implantation.

Therefore, our study aimed to examine clinical characteristics and predictors of acute
and delayed SND after successful elimination of persistent AFL, including typical and
atypical forms.

2. Materials and Methods

2.1. Study Population

We retrospectively enrolled patients with persistent AFL, including typical and/or
atypical AFL, who underwent CA at Taipei Veterans General Hospital between January
2014 and January 2020. The “persistent” AFL was defined as tachycardia lasting for
more than 7 days, whilst long-standing persistent AFL was defined as sustained AFL
for more than 12 months. Patients who had previously received AFL ablation or had
a PPM implantation before the AFL ablation were excluded. Meanwhile, patients who
had previously undergone ablation for other types of arrhythmias were still eligible. The
Institutional Review Board of Taipei Veterans General Hospital approved this study in
accordance with Good Clinical Practice Guidelines.

2.2. Baseline Patient Characteristics

Patients’ demographics and preprocedural comorbidities are included in the database,
such as age, body mass index, coronary artery disease, valvular heart disease, hypertension,
diabetes mellitus, heart failure with reduced ejection fraction, chronic kidney disease,
history of transient ischemic attack or stroke, hyperthyroidism, hypothyroidism, and atrial
fibrillation. Additionally, the pharmacological history one year before and after the ablation,
including beta-blockers, non-dihydropyridine calcium channel blockers, propafenone, and
amiodarone, was documented.

The pre-procedural echocardiography was reviewed, and we recorded parameters
including left atrial (LA) and right atrial (RA) diameter, LA and RA area, left ventricular ejec-
tion fraction, left ventricular hypertrophy, as well as moderate and severe mitral/tricuspid
regurgitation. The minor-axis RA diameter, LA, and RA area were all measured by the
4-chamber view at end-systole according to recommendations from the American Society of
Echocardiography. The 12-lead electrocardiography and ambulatory electrocardiography
monitoring records within one year before the ablation were reviewed. If neither of these
records revealed a sinus rhythm, the patient was classified with a “long-standing persis-
tent AFL”. Otherwise, the last recorded heart rate in sinus rhythm would be identified.
Furthermore, the QRS duration prior to ablation was analyzed.

2.3. Electrophysiological Study and Catheter Ablation

Each patient signed an informed consent form. A standard electrophysiological study
and CA were conducted for AFL. A decapolar catheter with an interelectrode spacing
of 2-5-2 mm was inserted into the coronary sinus, with the proximal bipole located at
the ostium. In our study, typical AFL was defined by the cavotricuspid isthmus (CTI)
dependence and was confirmed if concealed entrainment was identified when pacing the
CTI and if the difference between post-pacing interval at the CTI and flutter cycle length
was within 30 ms. The other AFLs would be classified as an atypical form. Before CA, the
flutter cycle length was measured at the proximal coronary sinus.

We have previously described in detail the electrophysiological study, mapping, and
ablation strategies for AFL [4]. Ablation of the CTI was performed for persistent typical flut-
ter, while linear ablation of the isthmus, which was identified by either 3D electroanatomic
activation mapping or entrainment, was used for atypical flutter. Pulmonary vein isolation
and/or other ablation strategies were based on patients’ clinical presentation and physi-
cians’ discretion. Conduction block in both directions was confirmed simultaneously with
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the ablation line. In our laboratory, formal sinus node function testing was not routinely
performed during AFL ablation.

2.4. Post-Ablation Follow-Up and Pacemaker Implantation

In the present study, we routinely arranged a 12-lead ECG 2 weeks after ablation at
the outpatient clinic and the 24-h Holter monitoring 3 months later. If the patient was
symptomatic, additional ECG, 24-h Holter monitoring, or a 7-day event recorder was
arranged on a case-by-case basis to detect the recurrence of arrhythmias or post-ablation
conduction system disorder.

SND is defined as a persistent condition associated with at least one of the following:
(1) pronounced sinus bradycardia with a heart rate of fewer than 50 beats per minute,
(2) junctional bradycardia, or (3) repeated sinus pauses longer than 3 s, (4) hemodynamic
instability or symptoms related to bradycardia or sinus pause, and (5) sinus node recovery
time (SNRT) > 1500 ms or corrected sinus node recovery time (CSNRT) > 550 ms.

In our study, we defined an acute SND as one that occurred following the elimination
of AFL or in the same hospitalization. A new or recurrent SND during follow-up in an
outpatient clinic was classified as a “delayed SND”. Patients receiving either a temporary
pacemaker (TPM) or a PPM implantation for SND after AFL ablation were identified. In
these cases, we explored the duration of TPM back-up, the time interval between the
ablation and the PPM implantation, the pacing modes of the PPM, and the averaged
percentage of atrial pacing during follow-up.

2.5. Statistical Analysis

The normally distributed continuous variables are presented as means ± standard de-
viations, and the non-normally distributed continuous variables are presented as medians
with 25 and 75% interquartile ranges (IQRs). Wilcoxon signed-rank test (Mann–Whitney
U test) or Student’s T-test was used to compare the differences between groups. The
categorical variables are expressed as numbers and percentages and compared using the
Chi-square test. A p-value of <0.05 was considered statistically significant. In this study,
logistic regression analysis was used to determine the association between variables and
acute SND that required a TPM, and Cox regression analysis was used to determine the
predictors of delayed SND that required a PPM implantation after successful AFL ablation
during long-term follow-up. The parameters with a p-value < 0.05 in the univariable regres-
sion analysis were selected for the multivariable model. A Kaplan–Meier survival curve
was plotted to determine event-free survival, with the statistical significance examined
using the Log-rank test. The statistical analyses were conducted using IBM Corporation’s
Statistical Package for the Social Sciences version 22.0 (Armonk, NY, USA).

3. Results

3.1. Patient Selection, Characteristics of Atrial Flutter, and Catheter Ablation

A total of 245 patients underwent AFL ablation in our tertiary referral center during
the study period. After excluding 24 patients, 221 patients were included in the study. As
shown in Supplementary Tables S1 and S2, all patients had clinically documented AFL
for more than 7 days, and 104 (47.1%) patients had a long-standing persistent AFL. A
total of 103 patients (46.6%) with concomitant clinically documented AF were enrolled.
A total of 168 (76.0%) patients took at least 1 antiarrhythmic drug before ablation. In our
electrophysiological laboratory, 177 (80.1%) patients were diagnosed with counterclockwise
typical AFL, 22 (10.0%) patients with clockwise typical flutter, and 55 (24.9%) patients with
atypical AFL. Regarding the ablation procedure, CTI ablation, pulmonary vein isolation,
peri-superior vena cava (SVC) ablation, and bi-atrial ablation were performed in 204, 21, 5,
and 23 patients, respectively. After a median follow-up period of 5.0 months (25–75% IQR:
0.7–6.5 months), AFL recurred in 19 patients (8.6%). A total of 6 patients (2.7%) received a
repeat procedure of AFL ablation.
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3.2. Clinical Characteristics of Sinus Node Dysfunction

Acute SND requiring a TPM was identified in 14 (6.3%) patients following termination
of AFL (Figure 1). Additionally, 4 patients (28.6%) had unrecoverable SND and required
implantation of a PPM 3.5 days (25–75% IQR: 0.8–4.0 days) after ablation. For the other
10 patients who recovered from the acute SND, all TPMs were removed successfully within
5 days, and in the majority (8 out of 10, 80%) within 2 days (Table 1). After a median
follow-up period of 4.2 months (25–75% IQR: 3.9–8.0 months), 4 of the 14 patients (28.6%)
developed delayed SND. In total, 8 of the 14 patients (57.1%) with acute SND underwent
implantation of a PPM. Before catheter ablation for the 14 patients with acute SND, dizzi-
ness, fatigue, and syncope were documented in 4, 1, and 1 patient(s), respectively. Among
these 6 patients, the acute SND was resolved in 4 patients. However, 2 of them developed
subsequent delayed SND requiring a PPM implantation. For the remaining 207 (93.7%)
patients without acute SND, delayed SND requiring a PPM was found in 7 (3.4%) patients
after a median follow-up period of 4.7 months (25–75% IQR: 1.6–11.9 months) (Figure 1).

Figure 1. Flow chart of the studied patients. AFL: atrial flutter; PPM: permanent pacemaker; SND:
sinus node dysfunction.

Table 1. The detailed characteristics of the patients developing acute SND after the AFL ablation.

Patient No.
Age

(Year)
Gender AFL Form

Flutter Cycle
Length (ms)

Pre-Ablation Sinus
Rate (bpm) †

TPM Back-Up
Duration (Day)

PPM Mode

Patients who did not recover from acute SND

1 62 F Typical 296 NA 3 ‡ DDD

2 64 M Both 348 NA 4 ‡ DDD

3 43 F Typical 294 NA 4 ‡ DDD

4 54 M Typical 264 NA 1 ‡ DDD

Patients who recovered from acute SND, but developed delayed SND

5 60 F Atypical 208 65 2 DDD

6 61 M Typical 220 NA 1 DDD

7 78 F Typical 244 NA 1 DDD

8 89 M Typical 300 NA 5 DDD
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Table 1. Cont.

Patient No.
Age

(Year)
Gender AFL Form

Flutter Cycle
Length (ms)

Pre-Ablation Sinus
Rate (bpm) †

TPM Back-Up
Duration (Day)

PPM Mode

Patients who recovered from acute SND, without developing delayed SND

9 56 F Both 288 NA 1 NA

10 68 F Typical 309 78 3 NA

11 61 F Typical 238 NA 2 NA

12 62 F Typical 278 108 1 NA

13 82 F Atypical 286 64 1 NA

14 89 M Both 209 NA 1 NA
† Pre-ablation sinus rate will not be available if no documented sinus rhythm during one year before ablation;
‡ The TPMs were not removed until PPM implantation; AFL: atrial flutter; bpm: beats per minute; F: female;
M: male; NA: not applicable; No.: number; PPM: permanent pacemaker; SND: sinus node dysfunction; TPM:
temporary pacemaker.

In the 11 patients exhibiting delayed SND, most (9 out of 11, 81.8%) of the PPMs
were implanted within one year following the ablation. Figure 2 shows the PPM-free
survival curve after the ablation. After ablation, the cumulative incidence of delayed SND
requiring a PPM implantation increased for several months after CA, almost reaching a
plateau after 1 year. A total of 12 of the 15 patients underwent dual chamber mode (DDD)
PPM implantation, while the remaining 3 underwent single chamber mode (VVI) PPM
implantation. All the 8 PPMs implanted for patients with acute SND were in the DDD
mode (Table 1). After the PPM implantation, 7 patients suffered from paroxysmal AF, and
3 had AFL recurrences. One patient underwent a repeat procedure for AFL ablation. For the
12 PPMs with DDD mode, after 2 weeks, 3 months, and 1 year following the implantation,
the average percentage of atrial pacing was 58.2%, 56.0%, and 58.4%, respectively.

Figure 2. Kaplan–Meier estimates for the PPM implantation after ablation for persistent AFL. After
ablation for persistent AFL, the cumulative incidence of delayed SND requiring a PPM implantation
increased for several months, almost reaching a plateau after 1 year. AFL: atrial flutter; PPM:
permanent pacemaker; SND: sinus node dysfunction.
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3.3. Predictors of Sinus Node Dysfunction

The baseline characteristics of patients with and without acute SND requiring a TPM
are summarized in Supplementary Table S1, and those with and without delayed SND
requiring a PPM are presented in Supplementary Table S2.

Based on the univariable logistic regression analysis, a female gender, a history of
hypothyroidism, and an increased LA diameter assessed by transthoracic echocardiography
were found to be significant predictors of acute SND requiring a TPM implantation after
termination of AFL. The multivariable stepwise models showed that female gender and
hypothyroidism were the independent predictors [p = 0.038, OR: 3.66, 95% confidence
interval (CI): 1.08–12.43; p = 0.045, OR: 8.80, 95% CI: 1.05–74.03, respectively] (Table 2).

Table 2. Logistic regression analysis of variables to predict acute SND requiring a TPM after AFL
termination (n = 221).

Variables Univariable Multivariable

OR (95% CI) p Value OR (95% CI) p Value

Age 1.02 (0.97–1.06) 0.504

Female 5.10 (1.64–15.89) 0.005 3.66 (1.08–12.43) 0.038

BMI 0.96 (0.84–1.11) 0.597

Comorbidities

CAD 1.05 (0.32–3.49) 0.933

MR † 1.22 (0.37–4.07) 0.742

Hypertension 1.48 (0.50–4.43) 0.480

Diabetes mellitus 1.11 (0.33–3.67) 0.870

HFrEF 1.79 (0.57–5.60) 0.316

Chronic kidney disease 1.56 (0.33–7.46) 0.579

TIA/stroke 1.91 (0.22–16.48) 0.555

Hyperthyroidism 2.49 (0.50–12.30) 0.264

Hypothyroidism 11.33 (1.73–74.39) 0.011 8.80 (1.05–74.03) 0.045

AFL type

CCW typical flutter 1.10 (0.30–4.14) 0.883

CW typical flutter 1.47 (0.18–11.79) 0.718

Atypical flutter 1.74 (0.56–5.45) 0.338

Location of flutter circuit(s)

Right atrium alone 1.24 (0.15–10.02) 0.841

Left atrium alone 0.85 (0.18–3.96) 0.834

Both atriums 0.92 (0.11–7.48) 0.936

Ablation site(s)

CTI 2.13 (0.44–10.43) 0.349

PVI 1.39 (0.17–11.19) 0.757

Biatrial ablation 1.55 (0.19–12.39) 0.682

Flutter cycle length 1.01 (0.99–1.01) 0.210

Concomitant AF 1.57 (0.53–4.69) 0.417
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Table 2. Cont.

Variables Univariable Multivariable

OR (95% CI) p Value OR (95% CI) p Value

Pre-procedural medication

Beta-blocker 1.75 (0.57–5.40) 0.331

Non-DHP CCB 1.04 (0.34–3.23) 0.944

Propafenone 0.98 (0.21–4.62) 0.983

Amiodarone 1.92 (0.65–5.68) 0.241

Post-procedural medication

Beta-blocker 0.33 (0.10–1.07) 0.065

Non-DHP CCB 1.01 (0.27–3.78) 0.988

Propafenone 1.21 (0.32–4.56) 0.775

Amiodarone 0.92 (0.31–2.74) 0.880

Echocardiography

LA diameter 1.08 (1.01–1.15) 0.031 1.07 (0.99–1.15) 0.062

LA area 1.02 (0.94–1.11) 0.685

RA diameter 1.05 (0.99–1.13) 0.123

RA area 1.07 (0.99–1.16) 0.093

LVEF 0.99 (0.95–1.04) 0.739

LVH 0.56 (0.12–2.60) 0.458

MR † 1.06 (0.23–4.97) 0.942

TR † 1.37 (0.36–5.19) 0.641

Electrocardiography

Heart rate ‡ 1.01 (0.96–1.07) 0.612

Long-standing
persistent AFL 3.01 (0.91–9.89) 0.070

QRS duration 1.01 (0.98–1.03) 0.598
† Defined as moderate to severe regurgitation; ‡ Only measured for patients with documented sinus rhythm
within one year before ablation (n = 114); AAD: antiarrhythmic drugs; AF: atrial fibrillation; AFL: atrial flutter;
BMI: body mass index; CAD, coronary artery disease; CCB: calcium channel blocker; CCW: counterclockwise;
CTI: cavotricuspid isthmus; CW: clockwise; DHP: dihydropyridine; HFrEF: heart failure with reduced ejection
fraction; LA: left atrium; LVEF: left ventricular ejection fraction; LVH: left ventricular hypertrophy; MR: mitral
regurgitation; OR: odds ratio; PVI: pulmonary vein isolation; RA: right atrium; SND: sinus node dysfunction; TIA:
transient ischemic stroke; TPM: temporary pacemaker; TR: tricuspid regurgitation.

Moreover, as a result of the univariable Cox proportional hazards regression analysis,
older age and a history of hypothyroidism were significant predictors of delayed SND
requiring a PPM implantation after AFL termination. In the stepwise multivariable model,
both factors were independent predictors (p = 0.018, HR: 1.07, 95% CI: 1.01–1.13; p = 0.006,
HR: 8.87, 95% CI: 1.89–41.72, respectively) (Table 3). Patients with older age and a his-
tory of hypothyroidism had higher rates of delayed SND requiring a PPM implantation
during the follow-up after AFL ablation (Log-rank test, p = 0.045 and <0.001, respectively;
Figures 3 and 4).
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Table 3. Cox regression analysis of variables to predict delayed SND requiring a PPM after AFL
termination (n = 221).

Variables Univariable Multivariable

HR (95% CI) p Value HR (95% CI) p Value

Age 1.07 (1.01–1.12) 0.016 1.07 (1.01–1.13) 0.018

Female 1.44 (0.42–4.91) 0.564

BMI 0.97 (0.83–1.12) 0.665

Comorbidities

CAD 1.52 (0.45–5.20) 0.503

MR † 1.25 (0.33–4.73) 0.740

Hypertension 1.94 (0.57–6.61) 0.292

Diabetes mellitus 0.27 (0.03–2.10) 0.211

HFrEF 2.89 (0.88–9.47) 0.080

Hyperthyroidism 1.13 (0.15–8.83) 0.907

Hypothyroidism 9.48 (2.04–44.09) 0.004 8.87 (1.89–41.72) 0.006

AFL type

CCW typical flutter 0.41 (0.05–3.23) 0.400

Atypical flutter 1.68 (0.49–5.73) 0.411

Location of flutter circuit(s)

Right atrium alone 1.00 (0.13–7.81) 0.998

Left atrium alone 1.10 (0.24–5.09) 0.907

Both atriums 1.18 (0.15–9.25) 0.874

Ablation site(s)

CTI 1.11 (0.14–8.69) 0.920

PVI 1.07 (0.14–8.34) 0.951

Flutter cycle length 1.00 (0.98–1.01) 0.670

Concomitant AF 1.37 (0.42–4.49) 0.604

Pre-procedural medication

Beta-blocker 0.89 (0.27–2.91) 0.843

Non-DHP CCB 0.90 (0.26–3.08) 0.868

Propafenone 0.50 (0.06–3.92) 0.511

Amiodarone 0.94 (0.28–3.22) 0.926

Post-procedural medication

Beta-blocker 0.41 (0.12–1.39) 0.151

Non-DHP CCB 0.73 (0.16–3.38) 0.687

Propafenone 1.38 (0.37–5.21) 0.632

Amiodarone 0.41 (0.11–1.55) 0.190

Echocardiography

LA diameter 1.04 (0.96–1.13) 0.358

LA area 1.05 (0.96–1.16) 0.294

RA diameter 0.95 (0.87–1.05) 0.320
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Table 3. Cont.

Variables Univariable Multivariable

HR (95% CI) p Value HR (95% CI) p Value

RA area 1.02 (0.91–1.14) 0.755

LVEF 0.99 (0.93–1.05) 0.645

LVH 1.95 (0.57–6.66) 0.287

MR † 0.66 (0.14–3.12) 0.603

TR † 2.39 (0.62–9.26) 0.206

Electrocardiography

Heart rate ‡ 0.96 (0.90–1.03) 0.274

Sinus bradycardia ‡,§ 5.94 (0.99–35.57) 0.051

Long-standing persistent AFL 1.66 (0.51–5.46) 0.401

QRS duration 0.99 (0.97–1.02) 0.553
† Defined as moderate to severe regurgitation; ‡ Only measured for patients with documented sinus rhythm within
one year before ablation (n = 114); § Defined as sinus rate < 60 beats per minute within one year before ablation;
AAD: antiarrhythmic drugs; AF: atrial fibrillation; AFL: atrial flutter; BMI: body mass index; CAD, coronary artery
disease; CCB: calcium channel blocker; CCW: counterclockwise; CTI: cavotricuspid isthmus; DHP: dihydropyri-
dine; HFrEF: heart failure with reduced ejection fraction; HR: hazard ratio; LA: left atrium; LVEF: left ventricular
ejection fraction; LVH: left ventricular hypertrophy; MR: mitral regurgitation; PPM: permanent pacemaker;
PVI: pulmonary vein isolation; RA: right atrium; SND: sinus node dysfunction; TR: tricuspid regurgitation.

Figure 3. Kaplan–Meier estimates for the delayed SND requiring a PPM after ablation for persistent
AFL among patients in the different age groups, with the statistical significance examined using the
Log-rank test. AFL: atrial flutter; PPM: permanent pacemaker; SND: sinus node dysfunction.
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Figure 4. Kaplan–Meier estimates for the delayed SND requiring a PPM after ablation for persistent
AFL among patients with and without a history of hypothyroidism, with the statistical significance
examined using the Log-rank test. AFL: atrial flutter; PPM: permanent pacemaker; SND: sinus
node dysfunction.

4. Discussion

4.1. Major Findings

After successful elimination of the AFL, 14 (6.3%) patients required a TPM for acute
SND. It should be noted that although some of them initially recovered from acute SND,
57.1% of patients eventually required a PPM. Irrespective of the absence or recovery of acute
SND, 11 (5.0%) patients developed delayed SND requiring a PPM during follow-up, mostly
within 1 year after ablation (9 out of 11, 81.8%). The underlying history of hypothyroidism
and older age were both predictors of delayed SND.

4.2. The Mechanism of Sinus Node Dysfunction following Atrial Flutter Elimination

SND, historically referred to as sick sinus syndrome, is commonly caused by senes-
cence of the sinoatrial node and surrounding atrial muscle. Most frequently, it is associated
with atrial arrhythmias as part of the tachycardia–bradycardia syndrome (TBS) [2,3]. The
mechanisms of TBS include alterations in myocardial architecture, ion channel metabolism,
and gene expression [5–7]. Over the past decade, catheter ablation has advanced signif-
icantly, enabling a high proportion of AF and AFL to be completely eliminated [8–10].
Typically, SND will become apparent after atrial arrhythmias have been eliminated.

The second possible mechanism of SND following CA is an iatrogenic injury to the
sinus node. During peri-SVC ablation for AF or AFL, direct damage to the sinus node has
been reported, especially along the anterolateral free wall of the SVC [11,12]. Additionally,
if the sinoatrial nodal artery is the only artery that supplies the sinus node, an injury to
this artery may result in SND [13]. Given the anatomic consideration, occlusion of the
sinoatrial nodal artery during LA anterior line ablation of perimetral flutter may result in
SND [14,15]. Ozturk et al. found that ablation near the medial or posterior aspects of the
LA appendage could also damage the sinoatrial nodal artery [16].
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Some other studies, however, provided contradictory results. Deshmukh et al. demon-
strated that the risk of SND after ablation is similar to cardioversion in patients with AF,
suggesting that causality may be due to a common electrophysiologic substrate as opposed
to the ablation process itself [17]. The present study provided evidence in support of these
findings by demonstrating that no ablation site for AFL could significantly predict subse-
quent SND (Tables 2 and 3). In addition, as shown in the supplementary Tables S1 and S2,
5 of 221 patients in our cohort underwent peri-SVC ablation, and none of them developed
acute or delayed SND.

4.3. Characteristics of Acute and Delayed Sinus Node Dysfunction

SND has been reported to be reversed after the elimination of atrial tachyarrhythmias.
It has been demonstrated in an animal model by Raitt MH et al. that electrical remodeling
can be reversed following termination of persistent AF by cardioversion [18]. Several hu-
man studies have also demonstrated a reverse remodeling of sinus node function following
CA for AF [7,19–21]. In contrast, Inada et al. found that SND progressed even after parox-
ysmal AF had been eliminated after a 5-year follow-up [22]. The discrepancy between these
findings implies that acute SND observed after termination of AFL could recover in some
patients, whereas sinus node function may still deteriorate during follow-up in patients
without acute SND or after the recovery of the initial SND. Due to the variability and
uncertainty of sinus node function following elimination of AFL, it is clinically challenging
to determine the appropriate duration for observation and the time point for advancing to
PPM implantation.

In the retrospective study by Song et al., 8% of patients developed acute SND after
AFL ablation, but half of these cases were transient, and most of them improved within
a day [23]. Furthermore, Semmler et al. reported that acute SND developed in 40 (3.2%)
patients undergoing AF ablation. There were 37.5% of patients with acute SND of a
transient nature, and all of their TPMs were removed within 2 days [24]. Similarly, in our
study, 6.3% of patients had acute SND after AFL ablation. TPM was successfully removed
in most of these cases within two days, except for one case on the third day and another
case on the fifth day after ablation. Accordingly, for the recovery from SND, a reasonable
period for observation would be around 1 week.

According to Song et al., the median time for PPM implantation after AFL ablation
was 20.5 days (25–75% IQR: 15.25 to 38.25 days), although 1 patient had PPM implantation
1 year and 7 months after CA [23]. In Kim et al.’s study, 121 patients underwent CA for AF
with TBS, and 11 patients (9.1%) received PPM within a median period of 21 months after
CA [25]. There was a wide variation between the times of ablation and the times for PPM
implantation. Moreover, we observed in the present study that most PPMs for delayed
SND were implanted several months after AFL ablation and gradually plateaued after
1 year. It is a reasonable and safe policy to closely monitor for delayed SND for at least one
year after AFL ablation, especially in patients with a high risk of SND.

Skjøth F et al. found that PPM was implanted more frequently following AFL ablation
than AF ablation in a nationwide cohort study [26]. As indicated above, this finding
appears to be consistent with a comparison of the present study with those mentioned.
Furthermore, patients with AFL tend to experience a shorter interval between catheter
ablation and PPM implantation than those with AF. Possible explanations for the above
findings may be related to the different remodeling of the heart. Medi C et al. reported
that right atrial remodeling was more advanced in patients with AFL as compared with
patients with AF [27]. It may lead to a higher degree of SND and the early requirement of
PPM after AFL ablation.

4.4. Predictors of Sinus Node Dysfunction following Atrial Flutter Termination

In previous studies, several risk factors or predictors of SND after termination of AF
have been reported, including older age, a female gender, a low preprocedural ventricular
rate, and a large left atrium [24,28–32]. The present study found that age, female gender, and
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the underlying history of hypothyroidism were predictive of SND after AFL ablation. SND
is associated with senescence of the sinoatrial node and surrounding atrial myocardium,
and this phenomenon is frequently accompanied by the process of aging. As demonstrated
both in the present study as well as in previous studies, older age can serve as a predictor
for SND following termination of atrial tachyarrhythmias [17,24,28]. Moreover, Sairaku
et al. reported that female gender was an independent predictor of SND requiring a PPM
in cases of persistent typical flutter [33], and higher rates of SND and PPM implantation
have also been reported after AF ablation in female patients [17,28], which was consistent
with our findings.

Thyroid hormones are both inotropic and chronotropic by multiple mechanisms,
including the regulation of the sympathetic nervous system and ion channels [34]. For
the comprehensive investigation of the relationship between thyroid hormone deficiency
and SND, we checked the medical history and laboratory data of the 5 patients with
hypothyroidism in our cohort. All these 5 patients had been under thyroxine supplements,
but 2 of them developed delayed SND after recovery from acute SND (Supplementary
Tables S1 and S2). The thyroid function test showed euthyroid in 1 case but still hypothyroid
in the other during the peri- and post-ablation period before PPM implantation. Thyroxine
deficiency might not be the only contributor to the SND in hypothyroidism, and it requires
further studies to determine the reversibility of cardiac remodeling and sinus node function
after thyroxine supplementation. Despite the identified risk factors, given the small number
of patients with SND following AFL termination, future validation is necessary.

4.5. Strengths and Limitations

This is, to the best of our knowledge, the first analysis of the predictors, characteristics,
and prognosis of acute and delayed SND following ablation for persistent AFL, including
typical and atypical forms, as well as the clinical application of TPM and PPM.

Nevertheless, there are some limitations to this study. The retrospective design of this
study results in some inevitable biases. Additionally, we excluded patients with severe
atrioventricular nodal dysfunction, which might have confounded the primary endpoint
of SND. Furthermore, the cause of SND may be multifactorial, and it is difficult to clearly
clarify the etiology in most of our patients. A previous study used computed tomography to
assess the post-ablation sinus nodal artery injury [13], but we did not perform it routinely
for our cohort. Thus, it is difficult to evaluate the confounding effect of the causes of
SND on the outcomes. Finally, the sample size was small, and the follow-up period was
short. Further large-scale studies are needed to determine the long-term incidence and
prognosis of SND. We, however, believe that the current findings can not only optimize the
pre-procedural risk stratification but also serve as guidance for short-term and long-term
management for patients with SND following ablation.

5. Conclusions

The TPM was required for acute SND in 6.3% of patients after the elimination of
the AFL. Despite initially recovering from acute SND, 57.1% of patients with acute SND
eventually required a PPM. It should also be noted that irrespective of the absence or
recovery of acute SND, 5.0% of patients developed delayed SND requiring a PPM during
follow-up, mostly within 1 year after ablation. An observation period of at least one year
after AFL ablation is reasonable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11113212/s1, Table S1: Comparison of baseline characteristics
between patients with and without acute SND requiring a TPM after AFL termination; Table S2:
Comparison of baseline characteristics of patients with and without delayed SND requiring a PPM
after AFL termination.
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Abstract: Cardiac resynchronization therapy (CRT) applied to selected patients with heart failure
(HF) improves their prognosis. In recent years, eligibility criteria for CRT have regularly changed.
This study aimed to investigate the changes in eligibility of real-life HF patients for CRT over the past
fifteen years. We reviewed European and North American guidelines from this period and applied
them to HF patients from the ESC-HF Pilot and ESC-Long-Term Registries. Taking into consideration
the criteria assessed in this study (including all classes of recommendations i.e., class I, IIa and IIb, as
well as patients with AF and SR), the 2013 (ESC) guidelines would have qualified the most patients
for CRT (266, 18.3%), while the 2015 (ESC) guidelines would have qualified the least (115, 7.9%;
p-value for differences between all analyzed papers <0.0001). There were only 26 patients (1.8%)
who would be eligible for CRT using the class I recommendations across all of the guidelines. These
results demonstrate the variability in recommendations for CRT over the years. Moreover, this data
indicates underuse of this form of pacing in HF and highlights the need for more studies in order to
improve the outcomes of HF patients and further personalize their management.

Keywords: cardiac resynchronization therapy; heart failure; cardiomyopathy; left bundle branch block

1. Introduction

The incidence and morbidity of heart failure (HF) is increasing, with a high prevalence
in developed countries, where it affects approximately 1–2% of adults, rising to ≥10% in
those aged 70 years or over. Prognosis of HF patients remains poor, as the 5-year mortality
rate after diagnosis is approximately 50% [1,2]. Although there are well established thera-
pies for HF with reduced ejection fraction (HFrEF) further research is necessary to improve
the symptoms and outcomes of patients with HF.

CRT (cardiac resynchronization therapy) is a method of treating advanced chronic
HF, aiming to improve synchrony of both ventricles [1,3]. In patients who respond to
the therapy (“responders”), CRT is an effective treatment for reducing HF morbidity and
mortality, as well as improving patients’ quality of life. However, the selection criteria for
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CRT are still imperfect, and it should be noted that it is not certain that all HF patients
benefit from this form of cardiac pacing.

In patients with primarily chronic HF (i.e., excluding patients with primarily high
degree atrioventricular block, as this indicates that the patient will need permanent ventric-
ular pacing), the indications for CRT have been changing in line with the publication of new
international guidelines i.e., of the European Society of Cardiology (ESC) and American
associations (ACC—American College of Cardiology; AHA—American Heart Association;
HFSA—Heart Failure Society of America; HRS—Heart Rhythm Society). Over the years,
the decisions on CRT implantation were made using, among others, numerous of the fol-
lowing criteria: the presence of a left bundle branch block (LBBB); left ventricular ejection
fraction (LVEF); different QRS durations; different levels of severity of symptoms of HF
according to the New York Heart Association (NYHA) class; left ventricular dimensions;
the presence of atrial fibrillation (AF) or sinus rhythm (SR); indications for permanent
conventional pacing; the presence of optimal medical therapy for HF [1,3–11]. Furthermore,
successive guidelines that are published shortly after the previous ones often substantially
change the profile of a patient who is eligible for CRT. Therefore, the current focus of HF
therapy is shifting towards better characterization of the underlying etiology of HF and
personalized management.

This study aimed to investigate the changes in eligibility for CRT of real-life patients
with HF from the ESC-HF registries according to the differences in international guidelines
published in the last fifteen-years, with a particular focus on the newest ESC (2021) and
ACC/AHA/HFSA (2022) recommendations.

2. Patients and Methods

2.1. Study Design

The data was collected from the multi-center, prospective, observational ESC-HF Pilot
and the ESC-HF Long-Term registries of the European Society of Cardiology (ESC). These
registries lasted from 2009 to 2010 in 136 European cardiology centers (including 29 cen-
ters from Poland) and from 2011 to 2015 in 211 European cardiology centers (including
35 centers from Poland), respectively. The studies enrolled outpatients and inpatients
with chronic, worsening or new-onset HF who were at least 18 years of age and met the
diagnostic criteria for HF. There were no other specific exclusion criteria. All participating
patients signed informed consent. Records collected in both registries referred to clinical
characteristics, laboratory tests’ results, HF management and one-year follow-up. A de-
tailed study design was published previously [12,13]. The study protocol was approved by
the local ethics committees.

The ESC-HF Pilot and the ESC-HF Long-Term registries enrolled 5118 and 12,440 pa-
tients across Europe, respectively. The current analysis consisted of 1456 (out of 2019 pa-
tients enrolled in Polish centers) both ambulatory and hospitalized, clinically stable HF
patients. Only patients with available data on CRT eligibility criteria were included. Pa-
tients with a paced rhythm on ECG were excluded from the analysis. Criteria for CRT
implantation in the major international (ESC and America’s) guidelines from 2007 to 2022
that were considered for this study are listed in the Supplementary Table S1. The CRT
eligibility criteria were assessed in the studied group. Common classification of recommen-
dations presented in the guidelines were used: class I (indicated/recommended); class IIa
(should be considered); class IIb (may be considered); class III (contraindicated/not recom-
mended). The following parameters were considered in the aforementioned guidelines and
analyzed in this study: LVEF, presence of LBBB, QRS duration, SR or AF, the NYHA class,
and HF etiology (ischemic). Patients with SR or AF were analyzed separately according to
the general indications for CRT. Patients’ clinical status, comorbidities, expected lifetime
duration and actual time of HF optimal pharmacotherapy were not considered in the
analysis.

Data on patients who presented with indications for pacing, atrioventricular node
(AVN) ablation or pacemaker/implantable cardioverter defibrillator (ICD) upgrade to

146



J. Clin. Med. 2022, 11, 3236

CRT was not available in the database and, therefore, was not considered in the analysis.
Indications for CRT-pacemaker (CRT-P) or CRT-defibrillator (CRT-D) were also not the
target of the analysis.

2.2. Statistical Analysis

The results were presented as median and quartiles for continuous variables, and as
frequencies and percentages for ordinal variables and non-normally distributed continuous
variables. The frequencies of the categorical variables were compared by Fisher’s exact
test. A p-value below 0.05 was considered significant for all tests. All tests were two-tailed.
Statistical analyses were performed using SPSS software, version 22 (IBM SPSS Statistics 22,
IBM, New York, NY, USA).

3. Results

3.1. Clinical Characteristics

Baseline characteristics of the studied group are presented in Table 1. Briefly, median
age was 67 (58–76) years and 67% of the patients were males. Median LVEF was 37%
(25–50). LVEF ≤ 35% was observed in most patients (55%). Ischemic etiology of HF
was present in 54%. Numerous comorbidities were highly prevalent (i.e., coronary artery
disease, hypertension, peripheral artery disease, diabetes, chronic kidney disease, chronic
obstructive pulmonary disease, previous stroke, or transient ischemic attack). Use of HF
guideline-recommended medications was on a satisfactory level.

Table 1. Baseline characteristics of the study group.

Variable HF Patients n = 1456

Baseline characteristics

Age, years 66.5 (58.0–76.4)

Male 981 (67.4%)

BMI, kg/m2 27.8 (25.0–31.4); n = 1404

LVEF, % 37 (25–50)

LBBB QRS morphology 199 (13.7%)

QRS, ms 103 (90–120)

HFrEF 798 (54.8%)

HFmrEF 288 (19.8%)

HFpEF 370 (25.4%)

Previous HF hospitalization 781 (53.9%); n = 1450

Coronary artery disease 788 (54.2%); n = 1455

Moderate or severe mitral regurgitation 623 (45.9%); n= 1358

Hypertension 935 (64.3%); n = 1453

AF 442 (30.4%)

Peripheral artery disease 170 (11.7%); n= 1455

Diabetes 470 (32.3%)

Chronic kidney disease 260 (17.9%); n = 1454

COPD 236 (16.2%); n = 1454

Prior stroke or TIA 160 (11.0%); n = 1454

Current or former smoking 835 (58.0%); n = 1440
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Table 1. Cont.

Variable HF Patients n = 1456

Clinical status

Heart rate, bpm 70 (65–80); n = 1054

NYHA class 2 (2–3)

NYHA class I 138 (9.5%)

NYHA class II 894 (61.4%)

NYHA class III 400 (27.5%)

NYHA ambulatory class IV 24 (1.6%)

Pharmacotherapy

ACE-I 1120 (77.0%); n = 1455

ARB 162 (11.1%); n = 1454

β-blocker 1317 (90.5%); n = 1455

Diuretic 1211 (83.2%); n = 1455

MRA 967 (66.5%); n = 1454

Statins 960 (66.0%); n = 1455

Oral Anticoagulant 606 (41.7%); n = 1454

Antiplatelets 902 (62.0%); n = 1455

Digitalis 336 (23.1%); n = 1455

Amiodarone 127 (8.7%); n = 1455

Other Antiarrhythmic 81 (5.6%); n = 1455

CCB 214 (14.7%); n = 1455
ACE-I—angiotensin-converting enzyme inhibitor; AF—atrial fibrillation; ARB—angiotensin receptor blocker;
BMI—body mass index; bpm—beats per minute; CCB—calcium channel blocker; COPD—chronic obstruc-
tive pulmonary disease; LVEF—left ventricular ejection fraction; MRA—mineralocorticoid receptor antagonist;
NYHA—New York Heart Association; HFmrEF—heart failure with mid-range ejection fraction; HFrEF—heart
failure with reduced ejection fraction; HFpEF—heart failure with preserved ejection fraction; TIA—transient
ischemic attack. Continuous variables are presented as medians and interquartile ranges.

3.2. Patients Eligible for CRT Implantation

In the study group 1014 (69.6%) patients had SR and 442 (30.4%) patients had AF.
When considering patients with SR, the smallest number of patients with class I indications
for CRT was 45 (4.4%) following the 2012/2013 (ACC/AHA/HRS), 2021 (ESC) and 2022
(ACC/AHA/HFSA) guidelines, while the biggest number of patients with class I indica-
tions for CRT was 137 (13.5%) following the 2010 (ESC) guidelines (p-value for differences
between all groups < 0.0001). Class IIa indications were present in 17 (1.7%) and 97 pa-
tients (9.6%) based on the 2015 (ESC) and 2022 (ACC/AHA/HFSA) guidelines (p-value for
differences between all groups < 0.0001), respectively. Class IIb indications were present
in 28 (2.8%) and 80 patients (7.9%) using the 2015 (ESC) and 2022 (ACC/AHA/HFSA)
guidelines, when compared to the 2013 (ESC) guidelines (p-value for differences between
all groups < 0.0001).

Within the AF cohort, indications for CRT implantation ranged from 17 patients (3.8%)
using the 2015 (ESC) and 2016 (ESC) guidelines, to 86 patients (19.5%) based on 2022
(ACC/AHA/HFSA) guidelines (p-value for differences between all groups < 0.0001).

Taking into consideration the criteria assessed in this study (including all classes of
recommendations and patients with AF and SR), the highest number of patients that would
have qualified for CRT was 266 (18.3%) by using the 2013 (ESC) guidelines, while the
fewest was 115 (7.9%) when considering the 2015 (ESC) guidelines (p-value for differences
between all groups < 0.0001). There were only 26 patients (1.8%) who would be eligible for
CRT using the class I recommendations across all of the guidelines (the common criteria in
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these patients were: SR, LVEF ≤ 35%, LBBB, QRS ≥ 150 ms, NYHA class III or ambulatory
class IV). The results are presented in Table 2.

Table 2. The changes in eligibility for CRT of real-life patients with heart failure according to
differences in the last fifteen-years international guidelines.

Class *

Guidelines Listed by Year of Publication p-Value

2022 (ACC/
AHA/ HFSA)

2021
(ESC)

2016
(ESC)

2015
(ESC)

2013
(ESC)

2012/2013 (ACC/
AHA/ HRS)

2010
(ESC)

2007
(ESC)

Patients with SR (n = 1014)

I 45 (4.4%) 45 (4.4%) 83 (8.2%) 53 (5.2%) 104 (10.3%) 45 (4.4%) 137 (13.5%) 98 (9.6%) <0.001

IIa 97 (9.6%) 76 (7.5%) 38 (3.7%) 17 (1.7%) 35 (3.5%) 77 (7.6%) - - <0.001

IIb 28 (2.8%) 33 (3.3%) 33 (3.3%) 28 (2.8%) 80 (7.9%) 48 (4.7%) - - <0.001

Patients with AF (n = 442)

IIa 86 (19.5%) 31 (7.0%) 17 (3.8%) 17 (3.8%) 47 (10.6%) 54 (12.2%) 31 (7.0%) 47 (10.6%) <0.001

Total (n = 1456)

256 (17.6%) 185 (12.7%) 171 (11.7%) 115 (7.9%) 266 (18.3%) 224 (15.4%) 168 (11.5%) 145 (10.0%) <0.001

ACC—American College of Cardiology; AHA—American Heart Association; AF—atrial fibrillation;
ESC—European Society of Cardiology; HFSA—Heart Failure Society of America; HRS—Heart Rhythm So-
ciety; SR—sinus rhythm. * Class of recommendation: class I (indicated/recommended); class IIa (should be
considered); class IIb (may be considered); class III (contraindicated/not recommended).

The differences in patients’ eligibility for CRT according to the recent (ACC/AHA/HFSA
(2022) and ESC (2021)) guidelines are presented in Tables 3 and 4. Among the 1456 patients
in the study group, 256 (17.6%) and 185 (12.7%) patients were eligible for CRT based on
the ACC/AHA/HFSA (2022) and ESC (2021) guidelines (p < 0.001), respectively (Table 2).
The largest difference in eligibility between these guidelines were observed within pa-
tients with AF—86 (19.5%) and 31 (7.0%) would have qualified for CRT according to the
ACC/AHA/HFSA (2022) and ESC (2021) guidelines (p < 0.001), respectively. Whereas,
in terms of class I indication for CRT, 45 (4.4%) patients with SR were eligible for CRT
according to both guidelines.

Table 3. Patients with heart failure and sinus rhythm eligible for CRT based on the recent
ACC/AHA/HFSA (2022) and ESC (2021) guidelines.

Guidelines SR OMT Ischemic Etiology SR OMT LVEF ≤ 35%

LBBB

QRS ≥ 150 ms QRS 130–149 ms 120–129 ms

NYHA class I NYHA class II–IV NYHA class II NYHA class III–IV NYHA class II–IV

ACC/AHA/HFSA 2022 1 (0.1%) 45 (4.4%) 20 (2.0%) 18 (1.8%) 21 (2.1%)

ESC 2021 - 45 (4.4%) 20 (2.0%) 18 (1.8%) -

Non-LBBB

QRS ≥150 ms QRS 130–149 ms 120–129 ms

NYHA class II–IV NYHA class II NYHA class III–IV NYHA class III–IV

ACC/AHA/HFSA 2022 - 38 (3.7%) - 15 (1.5%) 12 (1.2%)

ESC 2021 - 38 (3.7%) 18 (1.8%) 15 (1.5%) -

The meaning of colors: Green = class I of recommendation (indicated/recommended); Yellow = class IIa of
recommendation (should be considered); Orange = class IIb of recommendation (may be considered); Red = class
III of recommendation (contraindicated/not recommended); AHA—American Heart Association; ESC—European
Society of Cardiology; HFSA—Heart Failure Society of America; LBBB—left bundle branch block; LVEF—left
ventricular ejection fraction; NYHA—New York Heart Association; OMT—optimal medical treatment; SR—sinus
rhythm.
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Table 4. Patients with heart failure and atrial fibrillation eligible for CRT based on the recent
ACC/AHA/HFSA (2022) and ESC (2021) guidelines.

Guidelines ACC/AHA/HFSA 2022 ESC 2021

Eligibility criteria

AF
Strategy to ensure biventricular capture

LVEF ≤ 35%

QRS ≥ 120 ms QRS ≥ 130 ms

NYHA class II–IV NYHA class III–IV

Number of patients 86 (19.5%) 31 (7.0%)
The meaning of color: Yellow = class IIa of recommendation (should be considered); AF—atrial fibrillation;
AHA—American Heart Association; ESC—European Society of Cardiology; HFSA—Heart Failure Society of
America; LVEF—left ventricular ejection fraction; NYHA—New York Heart Association.

4. Discussion

This study assessed the applicability of eligibility criteria of real-life patients with HF
by comparing the international guidelines for CRT, with special focus on the latest 2021
ESC and 2022 AHA/ACC/HFSA papers [1,3,7]. The criteria described in the guidelines
are mostly derived from randomized control trials or meta-analyses which are rigorously
interpreted by the guideline task forces forming specific recommendations. In the last
fifteen years, as more scientific evidence was published, further guidelines emerged. This
study demonstrates areas of consistency and inconsistency in recommendations for CRT
and suggests underuse of CRT in the population of HF patients.

CRT increases strength and improves the synchrony of ventricular contractions, ex-
tends left ventricular diastolic filling time, increases cardiac output and systolic blood
pressure, as well as reduces functional mitral regurgitation [14]. This translates into visible
clinical effects: reduction of the severity of HF symptoms, improvement of exercise toler-
ance, as well as a reduction of morbidity and mortality due to HF [3]. In addition to the
clinical efficacy of CRT, its cost-effectiveness has been evaluated in several analyses [15–20].
After reviewing literature that describes years of experience with CRT, the optimal profile
of a patient who could benefit most from CRT can be specified (Figure 1) [1,3,7,21–24].
Before evaluating the indications for CRT, the patient should receive optimal treatment
of HF according to the current best medical knowledge for at least 3 months (or even
6–9 months) [1,25]. Optimizing the treatment of comorbidities and achieving the highest
recommended (tolerated) doses of drugs that improve the prognosis in HF may result in
the withdrawal of indications for CRT.

CRT has been shown to be clinically useful mainly for patients with LVEF ≤ 35%,
who represented approximately half of the study group. Some studies considered an
LVEF ≤ 30% [26,27]. This specific indication for patients with LVEF ≤ 30% was included
only in 2012 and 2022 guidelines [6,7]. Interestingly, in this study only 1 patient could
have qualified for CRT based on this criterion (SR, ischemic HF, NYHA class I, QRS
width ≥ 150 ms and LVEF ≤ 30%).

CRT is most effective for patients with SR, although several trials have shown the
benefits of its use for patients with AF [28–30]. In these patients, the success of CRT depends
primarily on the proportion of achieved biventricular pacing, and for many patients, AVN
ablation is required. In this study, in all but the AHA/ACC/HFSA 2022 guidelines, more
patients with SR than AF met the criteria for CRT. This is probably due to the fact that
in recent years there has been a visible trend towards more intensive heart rate/rhythm
control with the use of pharmacotherapy, and especially using invasive methods (AF or
AVN ablation) [1,7,31]. In this study, the presence of an uncontrolled heart rate in patients
who are potential candidates for AF or AVN ablation were not analyzed due to the lack of
specific data.
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Figure 1. Selected clinical parameters associated with higher probability of favorable response to
cardiac resynchronization therapy. BiV—biventricular; CRT—cardiac resynchronization therapy;
HF—heart failure; LBBB—left bundle branch block; LV—left ventricle; LVEF—left ventricle ejection
fraction; MR—mitral regurgitation; NYHA—New York Heart Association; OMT—optimal medical
therapy; SR—sinus rhythm; %—percentage; * posterolateral lead position; correct pacing parameters;
avoided scar areas.

The beneficial effects of CRT have been extensively proven in patients with NYHA class
II–IV HF (over 90% of patients in our study). While one study observed a non-significant
trend towards a lower risk of death from any cause in patients with NYHA class I, LBBB,
and ischemic cardiomyopathy, this indication was included in the AHA/ACC/HFSA
2022 guidelines, but not in the ESC 2021 guidelines [1,3,7,32–34]. Additionally, the current
ESC 2021 guidelines do not include HF etiology in the decision-making process for CRT
implantation. However, it was shown that patients with ischemic heart disease are at greater
risk of sudden cardiac death and, therefore, benefit more from ICD than patients with
non-ischemic cardiomyopathy [1,3,35]. On the other hand, extensive myocardial scarring
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in patients with ischemic HF may attenuate clinical benefit from CRT, and if possible, lead
placement should avoid scarred areas [1,3]. NYHA class varies with time, depending on the
current condition of the patient, reported subjective symptoms, and received medications,
hence it is the least objective parameter used to qualify for CRT and it is responsible for
large variations in the number of patients who could receive CRT. The presence of LBBB,
LVEF value, QRS width, and heart rhythm allow for greater objectivization of indications
for CRT.

QRS duration predicts CRT response and was the inclusion criterion in all random-
ized clinical trials. Since 2016, the ESC guidelines based on the Echo-CRT trial did not
recommend CRT in patients with a QRS duration < 130 ms, due to suggested possible harm
from CRT in these patients [1,3,36,37]. According to the AHA/ACC/HFSA 2022 guidelines,
CRT implantation is possible with a QRS duration ≥ 120 ms, both in LBBB and non-LBBB
patients [7]. In our study, 3.2% of patients with SR and a QRS duration of 120–129 ms could
have qualified for CRT following the AHA/ACC/HFSA 2022 criteria.

Several studies showed that LBBB morphology is more likely to have a favorable
response to CRT when compared to non-LBBB morphology. CRT significantly reduced
(36% reduction) a composite endpoint in patients with LBBB, while such benefits were not
observed in patients with non-LBBB conduction abnormalities [38,39].

It should also be considered that due to the high complexity of the procedure, CRT
implantation is associated with a significant risk of complications (including infectious and
haemorrhagic), especially in patients with multiple comorbidities (including long-term
diabetes, advanced chronic kidney disease, and cancer), in advanced age, or whose life
expectancy does not significantly exceed one year. Hence, it is important to be familiarized
with the currently applicable guidelines and to apply them in practice after taking into
consideration the individual profile of a single patient. Current therapeutic strategies
and risk assessment are imperfect as they are based in majority only on LVEF, NYHA,
QRS width and LBBB presence, and do not include more specific criteria. Still more data,
particularly from real-world patient studies, are necessary to improve and personalize HF
management.

Real-world data suggest that even around 30% of the HFrEF population would have
indications for CRT [1]. However, a recent survey from Sweden showed that of nearly
13,000 HFrEF patients, only 7% had received CRT, while 24% had an indication but had
not received CRT [40]. QUALIFY (QUAlity of adherence to guideline recommendations
for LIFe-saving treatment in heart failure: an international surveY) showed a low use of
implantable devices in patients with HFrEF: CRT-D (6.3%) and CRT-P (1.4%) [41]. In the
previous analyses of the ESC-HF Pilot and ESC-HF Long-Term, CRT was present in 1.8%
and 5.9% of patients, respectively [42,43]. In our study, the biggest number of patients
would be eligible for CRT according to the 2013 ESC guidelines (18.3%), whereas based
on the recent ESC 2021 and AHA/ACC/HFSA 2022 guidelines, only 12.7% and 17.6% were
eligible for CRT, respectively. These results indicate that there are significant differences in the
eligibility criteria between the current guidelines. Regardless of the guidelines, there seems
to still be potential to increase the frequency of CRT use in patients with HF, as it should be
pointed out that, with regard to the criteria, more patients could in fact receive CRT.

Our study possesses some limitations. The inclusion of real-life patients with HF
followed up by cardiologists is an important advantage of ESC-HF Pilot and ESC-HF-
LT registries, but drawbacks include the observational character. Furthermore, only the
predefined data in the Case Report Forms designed by the coordinators of the registries
were available for analysis (e.g., data on indications for permanent pacing, AVN ablation,
and expected survival time were lacking). The registries were not primarily focused
on the indications for CRT implantation, hence analyses errors are possible. The exact
number of patients that would have effectively received CRT based on the guidelines is
unknown. However, this study was designed to present a general concept of the differences
in eligibility for CRT in patients with HF according to the recent international guidelines.
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5. Conclusions

The results of our study show that a high variability in the percentage of patients
meeting the CRT eligibility criteria was observed since 2007. Across the fifteen years, the
criteria overlapped entirely only in a small percentage of cases. Despite general consistency
in international guideline recommendations for CRT implantation, each time the decision to
qualify a patient for CRT (and the choice between CRT-P and CRT-D) requires an individual
approach and a careful assessment of indications and contraindications for this form of HF
therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Left ventricular hypertrophy (LVH) is associated with adverse clinical outcomes and
implicates clinical decision-making. The aim of our study was to assess the importance of different ap-
proaches in the screening for LVH. We included patients who underwent cardiac magnetic resonance
(CMR) imaging and had available chest radiograph in medical documentation. Cardiothoracic ratio
(CTR), transverse cardiac diameter (TCD), clinical and selected electrocardiographic (ECG)-LVH data,
including the Peguero-Lo Presti criterion, were assessed. CMR–LVH was defined based on indexed
left ventricular mass-to-body surface area. Receiver operating characteristics analyses showed that
both the CTR and TCD (CTR: area under the curve: [AUC] = 0.857, p < 0.001; TCD: AUC = 0.788,
p = 0.001) were predictors for CMR–LVH. However, analyses have shown that diagnoses made
with TCD, but not CTR, were consistent with CMR–LVH. From the analyzed ECG–LVH criteria, the
Peguero-Lo Presti criterion was the best predictor of LVH. The best sensitivity for screening for LVH
was observed when the presence of heart failure, ≥40 years in age (each is assigned 1 point), increased
TCD and positive Peguero-Lo Presti criterion (each is assigned 2 points) were combined (CAR2E2

score ≥ 3 points). CAR2E2 score may improve prediction of LVH compared to other approaches.
Therefore, it may be useful in the screening for LVH in everyday clinical practice in patients with
prevalent cardiovascular diseases.

Keywords: clinical data; chest X-ray; electrocardiogram; cardiac magnetic resonance imaging; left
ventricular hypertrophy; screening; diagnostics

1. Introduction

The demarcation between the normal and the pathological clinical findings is crucial.
Clinical, chest radiograph and electrocardiographic (ECG) data might be helpful in this
regard, especially in patients suspected of having or with cardiovascular diseases. Among
others, it is important to be familiar with the abnormal appearance and dimensions of the
cardiac silhouette on the chest radiograph (X-ray) before diagnosing cardiac enlargement [1].
Generally, cardiac enlargement on a chest radiograph is defined as a cardiothoracic ratio
(CTR) of greater than 0.5 in posterior-anterior view [2,3]. Another indicator of cardiac
enlargement is increased transverse cardiac diameter (TCD). Different TCD cut-off points
have been described, while the values of 155 mm in men or 145 mm in women in posterior-
anterior view are most commonly determined as increased [4]. However, there are limited
data in the literature describing clinically significant abnormal chest radiograph features.
It was demonstrated that CTR is sensitive and has a strong negative predictive value for
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screening for left ventricular (LV) enlargement by studies performed so far [2]. TCD is a
more direct measure of cardiac size and a moderate correlation between TCD and LV end-
diastolic volume (LVEDV) measured by cardiac magnetic resonance (CMR) was found [1].
However, the clinical value of CTR and TCD in prediction of LV hypertrophy (LVH) is
poorly known [5].

Increased LV mass (LVM) may arise from multiple molecular mechanism, is associated
with adverse clinical outcomes and may implicate clinical decision-making [6,7]. CMR
imaging is considered the gold standard for assessment of LVM [8]. In comparison to chest
radiograph, this imaging modality is not influenced by some extracardiac factors such
as extensive thoracic fat deposits or chest wall expansion. However, CMR is not always
available, is more complex in assessment and is relatively expensive. Those factors limit the
use of CMR as a screening tool [9]. Transthoracic echocardiography is easier to perform and
cheaper, but it also has limited availability for general population screening [10]. Currently,
ECG is the most frequently used as a first screening tool to identify LVH [11]. The major
limitation of ECG–LVH criteria, in the screening for LVH, is low sensitivity [12–15].

The aim of our study was to assess the importance of different approaches in the
screening for LVH, including clinical data, chest radiograph parameters and ECG–LVH
criteria used alone and in combination.

2. Materials and Methods

2.1. Study Population

We included patients with prevalent cardiovascular diseases who underwent CMR
imaging in the Department of Diagnostic Imaging, University Hospital in Kraków (Poland)
between 2011 and 2015 and had available chest radiograph taken in the posterior-anterior
projection in the upright position during inspiration in medical documentation. Base-
line patient clinical and demographic data and medication history were obtained from a
structured medical records review. The study was approved by the local ethics committee.

2.2. CMR Imaging

CMR images were obtained using a 1.5 Tesla GE Signa HDxt scanner (General Elec-
tric, Milwaukee, WI, USA). The fast imaging employing steady-state acquisition (FI-
ESTA) cine technique and other techniques such as those reported previously were im-
plemented [16,17]. Left ventricular ejection fraction (LVEF), left ventricular end-systolic
volume (LVESV), LVEDV and LVM were assessed with the use of standard volumetric
techniques and calculated with commercially available QMass® MR analysis software,
version 7.6 (Medis Medical Imaging Systems bv, Leiden, The Netherlands) [16]. LVM was
indexed for body surface area (BSA) and LVH diagnosed based on CMR (CMR–LVH) was
defined as LVM/BSA >72 g/m2 in men or >55 g/m2 in women [18].

2.3. Chest Radiographs

Chest radiographs were taken in the posterior-anterior projection in the upright
position during inspiration. The TCD was measured by drawing a vertical line through
the vertebral bodies and calculating the sum of segments drawn perpendicular from the
midline to the farthest edge of the cardiac silhouette in both directions [19,20]. CTR was
calculated as a ratio of TCD to the greatest horizontal distance between the inner borders of
the ribs within the chest [20,21]. Abnormal chest radiograph parameters, indicating cardiac
enlargement, were determined as a CTR > 0.5 and as a TCD ≥ 155 mm in men or ≥145 mm
in women [2–4].

2.4. ECG Analysis

ECG data were available for 38 patients. Standard 12-lead ECGs were recorded at
25 mm/s paper speed and calibration of 10 mm/mV and were assessed by an investigator
who was primarily blinded to the patient’s CMR data. We evaluated 10 different ECG
criteria for the LVH, as described previously [16]. In the current analysis, we used the
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following ECG–LVH criteria: R wave amplitude in aVL + S wave amplitude in V3 (Cornell
voltage) >2.8 mV for men or >2.0 mV for female [22], (R wave amplitude in aVL + S
wave amplitude in V3) × QRS duration for men or (R wave amplitude in aVL + S wave
amplitude in V3 + 0.8 mV) × QRS duration for women (Cornell (voltage-duration) product)
≥244.0 mV × ms [23], S wave amplitude in V1 + R wave amplitude in V5 or V6 (Sokolow-
Lyon voltage) >3.5 mV [24], the deepest S-wave in any single lead + S wave amplitude
in V4 (Peguero-Lo Presti) ≥2.3 mV for female or ≥2.8 mV for men [13], and at least one
positive ECG–LVH criterion (when all 10 previously described ECG criteria were applied
together) [16].

2.5. A Fortified Method to Screen for Left Ventricular Hypertrophy

We assessed the rule described by Park et al., which included combining female sex,
selected cardiovascular risk factors (age ≥65 years and body mass index (BMI) ≥25 kg/m2),
chest radiograph (CTR ≥ 0.5) and the ECG–LVH criterion (Sokolow-Lyon voltage ≥3.5 mV) [5].
A score of ≥2 points indicated LVH [5].

2.6. Statistical Analysis

Continuous variables were tested with the t test or the Mann–Whitney test and were
presented as means ± standard deviations (SD) or medians and interquartile ranges (IQR),
when appropriate. Associations between categorical variables were assessed using the
Pearson χ2 test or Fisher exact test, and results were given as numbers and percentages.
Spearman rank correlation was used to measure the degree of association between two
continuous variables. Receiver operating characteristics (ROC) analysis was used to find
out the best variables to discriminate between patients with and without CMR–LVH. Based
on the performed analyses, we modified the score proposed by Park et al. and proposed a
modified score for LVH screening. Comparison of proportions was implemented to test
for differences in positive LVH diagnoses. The different method used for screening for
LVH was compared using the McNemar test. The agreement between the chest radiograph,
ECG–LVH and combined criteria and the diagnosis of CMR–LVH was compared using
the Cohen’s kappa coefficient. Additionally, specificity, sensitivity, positive predictive
value, negative predictive value, accuracy and likelihood ratios were calculated for CTR,
TCD, ECG–LVH criteria and combined criteria for LVH screening. Statistical significance
was defined as p < 0.05 for all tests. Statistical analyses were carried out using IBM SPSS
Statistics (version 25, IBM Corp., Armonk, NY, USA), Statistica (version 13.3, TIBCO
Software Inc., Palo Alto, CA, USA) to compare areas under the curves (AUC) in analyses of
receiver operating characteristics (Hanley and McNeil formula), while confidence intervals
(CI) were calculated, and comparison of proportions were performed using MedCalc
software (version 20.110, Medcalc Software Ltd., Ostend, Belgium) (available at: https:
//www.medcalc.org/, accessing date: 12 March 2022).

3. Results

3.1. Study Population

The study group consisted of 55 patients (16.4% female) with a median age of 42.0
(29.0–63.0) years. Among the studied patients, hypertension was present in 23 (41.8%),
dyslipidemia in 21 (38.2%), diabetes in 8 (14.5%), atrial fibrillation in 8 (14.5%), chronic
kidney disease in 6 (10.9%), coronary artery disease in 22 (40.0%) and heart failure in 35
(63.6%). Median LVEF was 42.7 (24.7–60.0)%, LVEDV was 189.6 (162.3–276.3) ml, LVESV
was 94.3 (65.6–205.5) ml, while LVM was 161.0 (127.3–225.6) g. The prevalence of CMR–
LVH was 72.7%. The threshold of age of ≥40 years, as a predictor of LVH, was determined
based on ROC analysis (Youden index = 0.38; AUC, 0.679; 95% CI, 0.517–0.841; p = 0.04).
Baseline characteristics of the patients with or without CMR–LVH, based on indexed LVM
for BSA, is shown in Table 1.
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Table 1. Characteristics of the patients with and without left ventricular hypertrophy based on left
ventricular mass indexed by body surface area.

Parameters LVH; n = 40 No LVH; n = 15 p Value

Demographic characteristicsand anthropometric data

Age (years) 51.5 (32.3–64.0) 33.0 (25.0–47.0) 0.04

Age ≥40 years 26 (65.0%) 4 (26.7%) 0.01

Age ≥65 years 11 (27.5%) 2 (13.3%) 0.48 *

Female sex, n (%) 7 (17.5%) 2 (13.3%) 1 *

BMI (kg/m2) 25.1 (22.1–29.0) 26.8 (23.1–28.7) 0.63

BMI ≥ 25 kg/m2, n
(%)

20 (50.0%) 9 (60.0%) 0.5

BMI ≥ 30 kg/m2, n
(%)

7 (17.5%) 3 (20.0%) 1 *

Cardiovascular diseases, comorbidities and risk factors, n (%)

Heart failure 30 (75.0%) 5 (33.3%) 0.004

CAD 18 (45.0%) 4 (26.7%) 0.22

Myocardial infarction 10 (25.0%) 2 (13.3%) 0.35

Diabetes mellitus 7 (17.5%) 1 (6.7%) 0.42 *

Hypertension 18 (45.0%) 5 (33.3%) 0.44

Dyslipidemia 17 (42.5%) 4 (26.7%) 0.28

Smoking 11 (27.5%) 2 (13.3%) 0.48

Atrial fibrillation 7 (17.5%) 1 (6.7%) 0.42 *

CKD 5 (12.5%) 1 (6.7%) 1 *

CMR parameters

LVEF (%) 29.7 (23.4–50.5) 59.5 (50.9–66.2) <0.001

LVM (g) 173.0 (152.9–234.0) 126.0 (114.4–134.5) <0.001

LVEDV (mL) 228.0 (169.4–322.4) 169.5 (123.0–189.6) 0.002

LVEDV/BSA > 117
(M), >101 (F), n (%) 20 (50.0%) 0 (0.0%) 0.001

LVESV (mL) 124.6 (84.7–261.7) 65.6 (58.3–74.1) <0.001

Chest radiograph data

CTR 0.50 ± 0.07 0.42 ± 0.04 <0.001

CTR > 0.5, n (%) 17 (42.5%) 0 (0.0%) 0.002 *

TCD (mm) 167.7 ± 26.9 141.4 ± 16.9 0.001

TCD ≥ 155 mm (M),
≥145 mm (F), n (%) 28 (70.0%) 3 (20.0%) 0.001

Data are presented as mean ± standard deviation or median (interquartile range) or number (percentage). * Fisher
exact test (exact significance, 2-sided). BMI—body mass index; BSA—body surface area; CAD—coronary artery
disease; CKD—chronic kidney disease; CMR—cardiac magnetic resonance; CTR—cardiothoracic ratio; F—female;
LVEDV—left ventricular end-diastolic volume; LVEF—left ventricular ejection fraction; LVESV—left ventricular
end-systolic volume; LVM—left ventricular mass; M—male; TCD—transverse cardiac diameter.
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3.2. Associations between Radiographic and Basic CMR Variables

Both CTR and TCD showed positive correlations with LVM (R = 0.53, p < 0.001;
R = 0.73, p < 0.001, respectively). Similarly, positive correlations were observed between
these radiographic parameters and LVEDV (R = 0.47, p < 0.001; R = 0.61, p < 0.001), and
LVESV (R = 0.52, p < 0.001; R = 0.66, p < 0.001), while both CTR and TCD showed significant
negative correlations with LVEF (R = −0.58, p < 0.001; R = −0.64, p < 0.001). Receiver
operating characteristics analysis showed that both the CTR and TCD (CTR: area under
curve: AUC = 0.857, p < 0.001; TCD: AUC = 0.788, p = 0.001; Figure 1) were predictors
for CMR–LVH. When comparing AUC for these criteria, no significant difference between
them was observed (p = 0.14).

Figure 1. Area under the curve of chest radiograph criteria representing the predictive performance of
left ventricular hypertrophy based on left ventricular mass indexed by body surface area. AUC—area
under the curve.

3.3. Characteristics of the Patients with Normal and Increased Chest Radiograph Indicators of
Cardiac Size Enlargement

Patients with CTR > 0.5 were older and had higher BMI (60.0 (40.5–69.5) vs.
36.0 (27.0–60.5) years, p = 0.009; 29.0 ± 5.6 vs. 24.8 ± 3.7 kg/m2, p = 0.002; Table 2)
when compared to patients with normal CTR. In patients with CTR > 0.5, atrial fibril-
lation and heart failure were more common than in the remaining patients (35.3% vs.
5.3%, p = 0.008 and 94.1% vs. 50.0%, p = 0.002, respectively). Similarly, patients with
TCD ≥ 155 mm in men or ≥ 145 mm in women were older when compared to pa-
tients with normal TCD (60.0 (37.0–70.0) vs. 32.5 (27.0–44.3) years, p < 0.001; Table 2).
However, there was no significant difference in BMI between these two groups (27.0
(24.0–30.2) vs. 23.8 (22.1–27.5) kg/m2, p = 0.08). On the other hand, in patients with
TCD ≥ 155 mm in men or ≥145 mm in women, cardiovascular disease risk factors and co-
morbidities (heart failure, hypertension and dyslipidemia) were observed more frequently
when compared to the remaining patients (80.6% vs. 41.7%, p = 0.005; 54.8% vs. 25.0%,
p = 0.03, 51.6% vs. 20.8%, p = 0.03, respectively).
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Table 2. Baseline characteristics of the patients with normal and increased chest radiograph indicators
of cardiac size enlargement.

Parameters
CTR > 0.5

(n = 17)
CTR ≤ 0.5

(n = 38)
p Value

TCD ≥ 155 mm
(M) or ≥ 145 mm

(F)
(n = 31)

TCD < 155 mm
(M) or < 145 mm

(F)
(n = 24)

p Value

Demographic characteristicsand anthropometric data

Age (years) 60.0 (40.5–69.5) 36.0 (27.0–60.5) 0.009 60.0 (37.0–70.0) 32.5 (27.0–44.3) <0.001

Age ≥40 years 14 (82.4%) 16 (42.1%) 0.006 23 (74.2%) 7 (29.2%) 0.001

Age ≥65 years 6 (35.3%) 7 (18.4%) 0.19 * 12 (38.7%) 1 (4.2%) 0.003

Female sex, n (%) 2 (11.8%) 7 (18.4%) 0.71 * 3 (9.7%) 6 (25.0%) 0.16 *

BMI (kg/m2) 29.0 ± 5.6 24.8 ± 3.7 0.002 27.0 (24.0–30.2) 23.8 (22.1–27.5) 0.08

BMI ≥ 25 kg/m2, n (%) 14 (82.4%) 15 (39.5%) 0.003 20 (64.5%) 9 (37.5%) 0.047

BMI ≥ 30 kg/m2, n (%) 6 (35.3%) 4 (10.5%) 0.05 * 7 (22.6%) 3 (12.5%) 0.49 *

Cardiovascular diseases, comorbidities and risk factors, n (%)

Heart failure 16 (94.1%) 19 (50.0%) 0.002 25 (80.6%) 10 (41.7%) 0.005

CAD 10 (58.8%) 12 (31.6%) 0.06 16 (51.6%) 6 (25.0%) 0.06

Myocardial infarction 4 (23.5%) 8 (21.1%) 1 * 9 (29.0%) 3 (12.5%) 0.19

Diabetes mellitus 5 (29.4%) 3 (7.9%) 0.09 * 6 (19.4%) 2 (8.3%) 0.44 *

Hypertension 8 (47.1%) 15 (39.5%) 0.6 17 (54.8%) 6 (25.0%) 0.03

Dyslipidemia 9 (52.9%) 12 (31.6%) 0.13 16 (51.6%) 5 (20.8%) 0.03

Smoking 3 (17.6%) 10 (26.3%) 0.73 * 7 (22.6%) 6 (25.0%) 1

Atrial fibrillation 6 (35.3%) 2 (5.3%) 0.008 * 6 (19.4%) 2 (8.3%) 0.44 *

CKD 2 (11.8%) 4 (10.5%) 1 * 5 (16.1%) 1 (4.2%) 0.22 *

CMR parameters

LVEF (%) 25.6 ± 9.1 49.2 ± 16.7 <0.001 29.5 (21.0–46.7) 58.2 (42.7–63.0) <0.001

LVM (g) 233.6
(181.9–271.3)

134.7
(120.9–167.0) <0.001 201.6 ± 62.8 136.8 ± 29.1 <0.001

LVM/BSA > 72 g/m2 (M)
or >55 g/m2 (F), n (%)

17 (100.0%) 23 (60.5%) 0.002 * 28 (90.3%) 12 (50.0%) 0.001

LVEDV (mL) 317.3
(239.7–392.0)

175.2
(140.2–199.5) <0.001 228.8

(168.7–355.6)
173.9

(136.3–194.6) 0.005

LVEDV/BSA > 117 (M),
>101 (F), n (%) 14 (82.4%) 6 (15.8%) <0.001 17 (54.8%) 3 (12.5%) 0.002

LVESV (mL) 239.4
(152.4–313.1) 82.4 (63.3–112.4) <0.001 173.9 (82.1–271.3) 71.7 (58.0–104.9) 0.001

Chest radiograph data

CTR 0.57 ± 0.05 0.44 ± 0.04 <0.001 0.53 ± 0.06 0.42 ± 0.04 <0.001

TCD (mm) 192.3 ± 17.9 146.3 ± 16.3 <0.001 171.0
(161.8–194.3)

140.7
(130.3–149.5) <0.001

TCD ≥ 155 mm (M),
≥145 mm (F), n (%) 17 (100%) 14 (36.8%) <0.001 17 (54.8%) 0 (0.0%) <0.001

Data are presented as mean ± standard deviation or median (interquartile range) or number (percentage). * Fisher
exact test (exact significance, 2-sided). BMI—body mass index; BSA—body surface area; CAD—coronary artery
disease; CKD—chronic kidney disease; CMR—cardiac magnetic resonance; CTR—cardiothoracic ratio; F—female;
LVEDV—left ventricular end-diastolic volume; LVEF—left ventricular ejection fraction; LVESV—left ventricular
end-systolic volume; LVM—left ventricular mass; M—male; TCD—transverse cardiac diameter.
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3.4. Radiographic and Electrocardiographic Criteria in the Screening for LVH

When comparing a group of 38 patients with available ECG data, we observed that
only the Peguero-Lo Presti criterion was more frequently positive in patients with CMR–
LVH (56.0% vs. 15.4%, p = 0.02). Performed analyses (the McNemar test) have shown
that diagnoses of cardiac enlargement made with TCD, but not CTR, were consistent with
CMR–LVH. From ECG–LVH criteria only, at least one positive ECG criterion was consistent
with CMR in LVH diagnosis (Table 3).

Table 3. Radiographic and electrocardiographic criteria in the screening for left ventricular hypertro-
phy in patients with and without left ventricular hypertrophy based on left ventricular mass indexed
by body surface area.

Parameters
LVH; n = 25 No LVH; n = 13

McNemar Test
TP FN FP TN

Chest radiograph indicators of cardiac size enlargement

CTR > 0.5 7 (28.0%) 18 (72.0%) 0 (0.0%) 13 (100.0%) <0.001

TCD ≥ 155 mm (M),
≥145 mm (F) 14 (56.0%) 11 (44.0%) 3 (23.1%) 76.9%) 0.06

ECG-LVH criteria

Cornell voltage 1 (4.0%) 24 (96.0%) 0 (0.0%) 13 (100.0%) <0.001

Cornell product 2 (8.0%) 23 (92.0%) 0 (0.0%) 13 (100.0%) <0.001

Peguero-Lo Presti
criterion 14 (56.0%) 11 (44.0%) 2 (15.4%) 11 (84.6%) 0.02

Sokolow-Lyon voltage 3 (12.0%) 22 (88.0%) 1 (7.7%) 12 (92.3%) <0.001

At least one positive
ECG-LVH
criterion

14 (56.0%) 11 (44.0%) 3 (23.1%) 10 (76.9%) 0.06

Data are presented as number (percentage). CTR—cardiothoracic ratio; ECG—electrocardiographic; FN—false
negative; FP—false positive; LVH—left ventricular hypertrophy; TCD—transverse cardiac diameter; TN—true
negative; TP—true positive. Calculations were made for 38 patients.

From chest radiograph parameters, the highest sensitivity was observed for TCD;
however, specificity of this parameter was lower when compared to CTR (56.0 (34.9–75.6)%
vs. 28.0 (12.1–49.4)%; 76.9 (46.2–95.0)% vs. 100.0 (75.3–100.0)%, respectively; Table 4).
Moreover, the sensitivity for TCD was the same as sensitivities for the Peguero-Lo Presti
criterion and at least one positive ECG-LVH criterion and higher than sensitivities for
Cornell criteria and the Sokolow–Lyon voltage criterion (Table 4). The positive predictive
value, negative predictive value, accuracy, positive and negative likelihood ratio of all the
analyzed chest radiographs and ECG–LVH criteria are shown in Table 4.

3.5. A Novel Screening Tool for LVH

We modified the Park rule based on the results of our statistical analyses. We replaced
CTR by TCD and the Sokolow–Lyon voltage criterion by other ECG–LVH criteria (at
least one ECG–LVH criterion positive and Peguero-Lo Presti criterion; Model 1 and 2,
respectively). Moreover, we tested whether our new score based on a point system in
which 1 point is assigned for heart failure and age ≥40 years, and 2 points are assigned
for chest radiograph indicating cardiac enlargement (TCD indicating cardiac enlargement)
and positive Peguero-Lo Presti criterion (CAR2E2 score), improves prediction of LVH
compared to other approaches used for LVH screening. The methodology of the CAR2E2
score calculation is depicted in Figure 2.
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Table 4. Radiographic and electrocardiographic criteria in the screening for left ventricular hypertro-
phy and their sensitivity, specificity, positive predictive value, negative predictive value, accuracy,
positive likelihood ratio and negative likelihood ratio. Data are shown for indexed left ventricular
mass by body surface area.

Parameters
Sensitivity (%)

(95% CI)
Specificity (%)

(95% CI)
PPV (%)
(95% CI)

NPV (%)
(95% CI)

Accuracy (%)
(95% CI)

PLR
(95% CI)

NLR
(95% CI)

Chest radiograph indicators of cardiac size enlargement

CTR > 0.5 28.0
(12.1–49.4)

100.0
(75.3–100.0) 100.0 * 41.9

(36.1–48.0)
52.6

(35.8–69.0) * 0.7
(0.6–0.9)

TCD ≥ 155 mm (M),
≥145 mm (F)

56.0
(34.9–75.6)

76.9
(46.2–95.0)

82.4
(62.0–93.0)

47.6
(34.8–60.8)

63.2
(46.0–78.2)

2.4
(0.9–7.0)

0.6
(0.3–1.0)

ECG-LVH criteria

Cornell voltage 4.0
(0.1–20.4)

100.0
(75.3–100.0) 100.0 * 35.1

(33.3–37.0)
36.8

(21.8–54.0) * 1.0
(0.9–1.0)

Cornell product 8.0
(1.0–26.0)

100.0
(75.3–100.0) 100.0 * 36.1

(33.5–38.8)
39.5

(24.0–56.6) * 0.9
(0.8–1.0)

Peguero-Lo Presti
criterion

56.0
(34.9–75.6)

84.6
(54.6–98.1)

87.5
(65.1–96.3)

50.0
(37.8–62.2)

65.8
(48.7–80.4)

3.6
(1.0–13.6)

0.5
(0.3–0.9)

Sokolow-Lyon
voltage

12.0
(2.6–31.2)

92.3
(64.0–99.8)

75.0
(25.7–96.3)

35.3
(30.6–40.3)

39.5
(24.0–56.6)

1.6
(0.2–13.6)

1.0
(0.8–1.2)

At least one positive
ECG-LVH
criterion

56.0
(34.9–75.6)

76.9
(46.2–95.0)

82.4
(62.0–93.0)

47.6
(34.8–60.8)

63.2
(46.0–78.2)

2.4
(0.9–7.0)

0.6
(0.3–1.0)

Data are presented as percentage (95% CI) or number (95% CI). CI—confidence interval; CTR—cardiothoracic
ratio; ECG—electrocardiographic; LVH—left ventricular hypertrophy; NLR—negative likelihood ratio; NPV—
negative predictive value; PLR- positive likelihood ratio; PPV—positive predictive value; TCD—transverse cardiac
diameter. Calculations were made for 38 patients. *—95% CI, PLR and/or NLR not available.

Figure 2. The Congestive heart failure, Age, chest Radiograph and Electrocardiographic data
(CAR2E2) score assessment.

3.6. Combined Criteria in the Screening for LVH

When comparing a group of 38 patients with the available ECG data, we observed
that only Model 2 at the score ≥2 and CAR2E2 score of ≥3 were more frequently positive
in patients with CMR–LVH (60.0% vs. 23.1%, p = 0.03; 72.0% vs. 23.1%, 0.004, respectively).
When comparing these 2 differentiating criteria using a comparison of proportion test, there
was no difference between them. Performed analyses (the McNemar test) demonstrated
that Model 1 at the score ≥2, Model 2 at the score ≥2 and CAR2E2 score at the score ≥3
were in agreement with CMR in LVH diagnosis (Table 5). However, the strongest agreement
was found for the CAR2E2 score, when compared to TCD, with at least one positive ECG-
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LVH criterion, Model 1 at a score of ≥2 and Model 2 at a score of ≥2 (κ coefficient of
0.46 vs. 0.29; 0.29; −0.12; −0.12, respectively).

Table 5. Combined criteria in the screening of left ventricular hypertrophy in patients with and
without left ventricular hypertrophy based on left ventricular mass indexed by body surface area.

Parameters
LVH; n = 25 No LVH; n = 13 McNemar

TestTP FN FP TN

Combined Rules with Use the Clinical Risk Factors, Chest Radiograph and ECG-LVH Criteria

Model proposed by Park et al. [5]
at score ≥2 † 10 (40.0%) 15 (60.0%) 2 (15.4%) 11 (84.6%) 0.002

Model 1
at score ≥2 ‡ 15 (60.0%) 10 (40.0%) 4 (30.8%) 9 (69.2%) 0.18

Model 2
at score ≥2 # 15 (60.0%) 10 (40.0%) 3 (23.1%) 10 (76.9%) 0.09

CAR2E2 score ≥3 ## 18 (72.0%) 7 (28.0%) 3 (23.1%) 10 (76.9%) 0.344

Data are presented as number (percentage). † Includes female sex, age ≥65 years, BMI ≥ 25 kg/m2, Sokolow-
Lyon voltage ≥3.5 mV, and CTR ≥ 0.5. ‡ Includes female sex, age ≥65 years, BMI ≥ 25 kg/m2, at least one
ECG-LVH criterion positive, and TCD ≥ 155 mm (M), ≥145 mm (F). # Includes female sex, age ≥65 years,
BMI ≥ 25 kg/m2, Peguero-Lo Presti criterion ≥2.3 mV (F) or ≥2.8 mV (M), and TCD ≥ 155 mm (M), ≥145 mm
(F). ## Includes congestive heart failure, age (≥40 years), Peguero-Lo Presti criterion: the deepest S-wave in any
single lead + S wave amplitude in V4 ≥ 2.3 mV (F) or ≥2.8 mV (M), and TCD ≥ 155 mm (M), ≥145 mm (F).
ECG—electrocardiographic; FN—false negative; FP—false positive; LVH—left ventricular hypertrophy; TN—true
negative; TP—true positive. Calculations were made for 38 patients.

The rule described by Parke et al. combining the risk factors, ECG and chest radiograph
criteria showed a sensitivity of 40.0 (21.1–61.3)% and specificity of 84.6 (54.6–98.1)%. After
modification of this rule by replacing CTR by TCD and replacing the Sokolow–Lyon voltage
by other ECG criterion (at least one ECG-LVH criterion positive and Peguero-Lo Presti
criterion), we observed a sensitivity of 60.0 (38.7–78.9)% in both of cases (Table 6). The
best sensitivity was observed for a CAR2E2 score of ≥3 (72.0 (50.6–87.9)%). The positive
predictive value, negative predictive value, accuracy and positive and negative likelihood
ratios of all the analyzed combined criteria are shown in Table 6.

Receiver operating characteristics analysis showed that only a CAR2E2 score of
≥3 (AUC = 0.763, p < 0.001; Figure 3) was a predictor of CMR–LVH. Additionally, in
ROC analysis, a CAR2E2 score of <3 points was a predictor of a lack of CMR–LVH
(AUC = 0.745, p = 0.005).

Figure 3. Area under the curve of CAR2E2 score representing the predictive performance of left
ventricular hypertrophy based on left ventricular mass indexed by body surface area. AUC—area
under the curve.
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Table 6. Combined criteria for screening of left ventricular hypertrophy and their sensitivity, speci-
ficity, positive predictive value, negative predictive value, accuracy, positive likelihood ratio and
negative likelihood ratio. Data are shown for indexed left ventricular mass by body surface area.

Parameters
Sensitivity (%)

(95% CI)
Specificity (%)

(95% CI)
PPV (%)
(95% CI)

NPV (%)
(95% CI)

Accuracy
(%)

(95% CI)

PLR
(95% CI)

NLR
(95% CI)

Combined Rules with Use the Clinical Risk Factors, Chest Radiograph and ECG-LVH Criteria

Model proposed by Park
et al. [5] score ≥2 †

40.0
(21.1–61.3)

84.6
(54.6–98.1)

83.3
(56.2–95.1)

42.3
(33.1–52.1)

55.3
(38.3–71.4)

2.6
(0.7–10.2)

0.7
(0.5–1.1)

Model 1
score ≥2 ‡

60.0
(38.7–78.9)

69.2
(38.6–90.9)

79.0
(61.0–90.0)

47.4
(33.0–62.2)

63.2
(46.0–78.2)

2.0
(0.8–4.7)

0.6
(0.3–1.1)

Model 2
score ≥2 #

60.0
(38.7–78.9)

76.9
(46.2–95.0)

83.3
(63.8–93.4)

50.0
(36.2–63.8)

65.8
(48.7–80.4)

2.6
(0.9–77.4)

0.5
(0.3–0.9)

CAR2E2 score ≥3 ## 72.0
(50.6–87.9)

76.9
(46.2–95.0)

85.7
(68.3–94.3)

58.8
(41.6–74.1)

73.7
(57.0–86.6)

3.1
(1.1–8.7)

0.4
(0.2–0.7)

Data are presented as percentage (95% CI) or number (95% CI). † Includes female sex, age ≥65 years,
BMI ≥ 25 kg/m2, Sokolow-Lyon voltage criterion: S wave amplitude in V1 + R wave amplitude in V5 or
V6 ≥ 3.5 mV, and CTR ≥ 0.5. ‡ Includes female sex, age ≥65 years, BMI ≥ 25 kg/m2, at least one ECG-LVH
criterion positive, and TCD ≥ 155 mm (M), ≥145 mm (F). # Includes female sex, age ≥65 years, BMI ≥ 25 kg/m2,
Peguero-Lo Presti criterion: the deepest S-wave in any single lead + S wave amplitude in V4 ≥ 2.3 mV (F) or
≥2.8 mV (M), and TCD ≥ 155 mm (M), ≥145 mm (F). ## Includes congestive heart failure, age ≥ 40 years, Peguero-
Lo Presti criterion, and TCD ≥ 155 mm (M), ≥145 mm (F). CI—confidence interval; ECG—electrocardiographic;
LVH—left ventricular hypertrophy; NLR—negative likelihood ratio; NPV—negative predictive value; PLR-
positive likelihood ratio; PPV—positive predictive value. Calculations were made for 38 patients.

Importantly, when we tested the CAR2E2 score, and used CTR in the place of TCD
(as “R2“) and all investigated ECG–LVH criteria in place of Peguero-Lo Presti criterion (as
“E2“) interchangeably, there was no observed difference regarding AUC in ROC analysis in
the prediction of CMR–LVH.

4. Discussion

There is increasing interest in the use of markers and risk scores as well as in testing
their clinical applicability in cardiovascular medicine [25–33]. Several factors have been
found to be associated with LVH assessed by different modalities [7,16]. Studies performed
so far have demonstrated that there is a relationship between CTR and LVM measured
by echocardiography [5,34,35]. Rayner et al. revealed that CTR (R = 0.34, p < 0.02) was
independently correlated with LVM when evaluated with this modality [34]. Similar
correlation of CTR and LVM determined by echocardiography (R = 0.43, p < 0.01) was
found in another study performed by Buba et al. [35]. However, research investigating the
association between CTR and LVM determined by CMR is lacking. Our study demonstrates
that both CTR and TCD were predictors of CMR–LVH in receiver operating characteristics
analyses and have shown moderate correlation not only with the LVM, but also with
LVEDV, LVESV and LVEF. However, the strongest correlations were observed for TCD.
Similarly to our results, Morales et al. have shown that while a good relation was found
between LVEDV and TCD, this relation was less significant for the CTR [1]. These data
suggest that TCD may be a better indicator than CTR of LV dimension and hypertrophy.
However, it should also be remembered that CTR and TCD do not take into account changes
in the size of the heart throughout the cardiac cycle.

Moreover, CTR and TCD may be influenced by several other factors, such as pericardial
fat, elevation of the diaphragm either due to poor inspiration or obesity, the breathing
phase or thoracic alterations (e.g., severe scoliosis, pectus excavatum) [2,36–39]. However,
TCD seems to be influenced by deformities of the chest (especially affecting the transverse
chest diameter) to a lesser extent than CTR. Importantly, identifying factors explaining
the discrepancies between chest radiograph parameters and CMR–LVH may improve
diagnostic abilities. For example, right ventricular enlargement may cause greater TCD
and CTR measures [40–42]. In a study of heart failure patients, Fukuta et al. revealed
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that increased CTR correlated more strongly with the size of the right ventricle than
LV [41]. Recently, it has also been demonstrated that CTR could play a role in predicting
right ventricular enlargement in patients with suspected pulmonary embolism during
COVID-19 [42]. Elevation of the diaphragm due to high BMI can place the heart in a
more horizontal position leading to an increase of TCD and CTR. Our study showed that
patients with and without CMR-LVH did not significantly differ in BMI. Inversely, these
parameters were significantly different when compared to patients with normal and higher
CTR and trended toward higher BMI values in patients with increased TCD than patients
with normal TCD. This suggests that especially high BMI may be responsible for some
discrepancies between chest radiograph parameters and CMR–LVH. However, verification
of this hypothesis requires further investigation.

Ribeiro et al., in a study on hypertensive patients, demonstrated that CTR had a
sensitivity of 16.7% and a specificity of 88.3% for identifying the LVH [43]. For comparison,
for ECG criteria (Romhilt–Estes point score system) sensitivity and specificity for the
detection of LVH were 12.5% and 92.2%, respectively [43]. These findings show that chest
radiographs may be useful for detecting LVH in hypertensive patients. Moreover, some
studies suggest that the standard CRT criterion is not a good enough indicator of cardiac
enlargement and therefore consider the introduction of another cut-off point for CTR or
indicate TCD assessment as a better method [44–46]. Our study performed in patients
with prevalent cardiovascular diseases revealed that from chest radiograph parameters,
the highest sensitivity was observed for TCD, and this sensitivity was the same as for
the Peguero-Lo Presti criterion and at least one positive ECG-LVH criterion. Moreover,
the sensitivity of TCD was higher than sensitivities for Cornel criteria and the Sokolow–
Lyon voltage criterion. These data suggest that chest radiographs may be valuable in
screening for LVH not only in hypertensive patients but also in subgroups with prevalent
cardiovascular diseases.

Increased LVM may impair LV function and might predict HF in some individuals [47,48].
Studies have shown that LVH is the most frequent myocardial abnormality associated with
HF with preserved EF, and its prevalence increases with age [48,49]. Interestingly, we have
shown that the combination of cardiovascular risk factors (heart failure and age ≥40 years)
with chest radiograph parameters and ECG criteria may improve screening for LVH. After
modification of a model proposed by Park et al. [5] by replacing the CTR by TCD and
replacing the Sokolow–Lyon voltage by another ECG criterion (at least one ECG-LVH
criterion positive and Peguero-Lo Presti criterion), we observed better sensitivity than the
sensitivities of ECG and chest radiograph criteria solely. However, it should be mentioned
that the fortified method for screening for LVH proposed by Park et al. was previously
tested only in a hypertensive Asian population [5]. Thus, further studies on this topic
performed on a larger and more diversified cohort are required. Moreover, we revealed that
the novel score system that we have proposed, the CAR2E2 score, had the best sensitivity
and may be considered as a fortified method for screening for LVH in daily clinical practice.
A screening tool with high sensitivity may be preferred in the context of LVH (due to,
e.g., very low/no risk, low cost and high availability of transthoracic echocardiography
in many clinical settings) [50]. Due to there being no difference in AUC in ROC analysis,
in the prediction of CMR–LVH, when CTR was used instead of TCD and all investigated
ECG–LVH criteria instead of the Peguero-Lo Presti criterion, in clinical practice both of
these radiological criteria and also investigated ECG–LVH criteria, besides the Peguero-Lo
Presti criterion, might be useful and potentially used interchangeably. Our study also
revealed that the CAR2E2 score may be useful for patients with fewer than 3 points by
being a predictor of a lack of CMR–LVH. However, it is important to remember that
these patients with a positive ECG–LVH criterion and/or chest radiograph suggestive of
cardiac enlargement should not be excluded from further diagnostic processes. Despite
the strongest agreement with CMR–LVH for a CAR2E2 score of ≥3, when compared to
chest radiograph parameters indicating cardiac enlargement or ECG–LVH criteria, studies
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have shown that ECG and chest radiograph used alone are also useful in screening for
LVH [16,36].

Identifying the underlying etiology of LVH is a common, and sometimes challenging
clinical problem. It is especially crucial to differentiate physiological changes in the heart,
e.g., of an athlete, with pathological forms of LVH, for example, in patients with aortic
stenosis or some cardiomyopathies, and examinations included in the CAR2E2 score might
provide clinical clues. Evaluation consisting of a detailed clinical history (e.g., older age
in aortic stenosis patients), chest radiograph (e.g., aortic valve calcification and widening
of the ascending aorta in aortic stenosis) and ECG (e.g., physiological in black/African
athletes T wave inversions in V1-V4 accompanied by convex ST segment elevation) might
be useful in clinical differentiation [37,51–53]. In echocardiography, we usually observe
normal contractility, as well as normal global longitudinal strain, along with usually normal
LV wall thickness in athletes [54], while specific alterations are observed in patients with
aortic stenosis. Additionally, CMR, especially with late gadolinium enhancement, may
provide further diagnostic clues and prognostic information [54–56].

There are several limitations of our study which should be mentioned. Chest radio-
graph, ECG and CMR studies were not always performed on the same day. Our study has
a retrospective nature and relatively small group of included patients with cardiovascular
diseases. Therefore, our results may not be representative for the whole population and
should be confirmed in a larger group of patients. However, even in this relatively small
group, we could find differences in the tested chest radiograph parameters, ECG–LVH
criteria and combined approaches for LVH detection. Finally, we did not investigate as-
sociations of the CAR2E2 score with major adverse cardiovascular events. This should be
evaluated in further studies. However, the components of our new score have proven the
relationship with unfavorable clinical outcomes [29,33,36,57,58]. Therefore, CAR2E2 score
is most likely related to increased clinical risk.

5. Conclusions

CAR2E2 score may improve prediction of LVH compared to other approaches, in-
cluding chest radiograph parameters used on their own and in combination with selected
clinical data and ECG–LVH criteria. Therefore, it may be useful in the screening for LVH in
everyday clinical practice in patients with prevalent cardiovascular diseases.
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Abstract: Background: Previous studies have evaluated average electrocardiographic (ECG) values
in healthy subjects or specific subpopulations. However, none have evaluated ECG average values
in not selected populations, so we examined ECG changes with respect to age and sex in a large
primary population. Methods: From digitized ECG stored from 2008 to 2021 in the Modena province,
130,471 patients were enrolled. Heart rate, P, QRS and T wave axis, P, QRS and T wave duration,
PR interval, QTc, and frontal QRS-T angle were evaluated. Results: All ECG parameters showed
a dependence on age, but only some of them with a straight-line correlation: QRS axis (p < 0.001,
R2 = 0.991, r = 0.996), PR interval (p < 0.001, R2 = 0.978, r = 0.989), QTc (p < 0.001, R2 = 0.935, r = 0.967),
and, in over 51.5 years old, QRS-T angle (p < 0.001, R2 = 0.979, r = 0.956). Differences between
females and males and in different clinical settings were observed. Conclusions: ECG changes with
ageing are explainable by intrinsic modifications of the heart and thorax and with the appearance
of cardiovascular diseases and comorbidities. Age-related reference values were computed and
applicable in clinical practice. Significant deviations from mean values and from Z-scores should
be investigated.

Keywords: electrocardiogram; ECG; electrocardiography; Z scores; ageing; reference values; QRS-T
angle; PR interval; QT corrected; heart axis

1. Introduction

The Electrocardiogram (ECG) is an inexpensive and non-invasive diagnostic tech-
nique used worldwide for the management of acute and chronic cardiovascular and not
cardiovascular diseases; ECG is considered an outdated investigation but nowadays many
clinical decisions are still based on ECG interpretation.

Many years ago, normal ECG values were established [1], and previous studies have
evaluated average ECG values in specific subpopulations, such as healthy subjects [2],
athletes [3], females [4], young [5] and elderly people [6], showing that ECG values should
be corrected for age [7] and ethnicity [8,9]. To our knowledge, none of the previous studies
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have evaluated ECG average values in a large non-selected population with cardiovascular
diseases and with comorbidities.

Moreover, the use of digitized programs for automated ECG interpretation has demon-
strated a good accuracy and a favorable cost–benefit analysis.

Therefore, this cross-sectional observational study was designed to analyze the ef-
fect of age and sex on an extensive set of ECG parameters (heart axis, waves duration,
times of conduction and repolarization, frontal QRS-T angle) in a large contemporary
primary population.

2. Material and Methods

2.1. Study Design

A retrospective review of digitized ECGs recorded was made within the province of
Modena from January 2008 to September 2021, together with retrospective clinical data
collection. The study was performed in accordance with the Ethical Standards of the 1975
Helsinki Declaration revised in 2013 and was approved by the local Ethic Committee of
Modena (AVEN) with protocol number 2605/2021, date of approval 21 September 2021.

2.2. Study Population

The province of Modena, located in central Emilia-Romagna, Italy, has a population of
702,549 people (www.provincia.modena.it, accessed on 30 September 2021) spread across
47 municipalities.

National health general practitioners refer their patients to national health system
core facilities for clinical tests; ECGs are recorded in Emergency Departments, surgical and
medical Hospital Units, and in- and out-of-hospital Ambulatories.

All patients with a digitized ECG archived in any facility within the Province of
Modena were eligible.

2.3. ECG Recording and Inclusion–Exclusion Criteria

ECGs were recorded at rest in the supine position using a standard 12-lead tracing at
25 mm/s speed, 10 mm/mV amplitude, with a sampling rate of at least 500 Hz and were
archived into a “MUSE®” electronic archive (GE Marquette Healthcare, Milwaukee, WI, USA).

Automated analysis was performed through a digitized multi-channel computer-
assisted program (GE 12SL ECG Analysis), which uses validated algorithms for ECG
parameters measurement. ECG diagnoses were confirmed by trained cardiologists.

ECGs were discarded when incomplete or had a bad signal quality, waveform recog-
nition errors, or electrode interchanges. ECGs were also discarded in patients with pace-
maker or implantable cardioverter-defibrillator, with complete or incomplete left or right
bundle-branch block, with atrial fibrillation or atrial flutter, with supraventricular tachy-
cardia, Wolff–Parkinson–White syndrome and second- or third-degree atrioventricular
block. ECGs of pediatric patients (up to 15 years of age) and of very old people (more than
90 years of age) were also excluded.

In the case of patients with multiple ECGs archived in the dataset, only the first one
was included. ECGs were then separated into three groups according to the facility where
they were recorded.

2.4. Clinical Data

For the enrolled patients, age, sex, demographic data, cardiovascular risk factors,
and comorbidities were retrospectively collected from in- and out-of-hospital databases.
Diabetes was defined as a group of metabolic disorders characterized by hyperglycemia
resulting from defects in insulin secretion, insulin action, or both. Systemic arterial hyper-
tension was defined as the increase of systolic blood pressure equal to or above 140 mmHg
and/or a diastolic blood pressure equal to or above 90 mmHg. Dyslipidemia was defined
as a disorder in lipoprotein metabolism resulting in elevation of the blood concentration
of cholesterol and/or triglycerides and tobacco smoke as the active exposure to tobacco
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products. Heart failure was defined as a syndrome with symptoms and or signs caused by
structural and/or functional cardiac abnormalities. Coronary artery diseases were defined
as a group of diseases characterized by the reduction of blood flow to the heart muscle
because of a partial or complete blockage of the coronary arteries. Stroke was defined as a
neurological deficit of cerebrovascular cause. Chronic obstructive pulmonary disease was
defined as a chronic inflammatory lung disease that causes obstructed airflow. Dementia
was defined as the chronic deterioration in cognitive function not expected from the usual
consequences of biological aging. Cancer was defined as a large group of diseases starting
in any organ or tissue of the body when abnormal cells grow uncontrollably and can
invade other parts of the body. Chronic kidney disease was defined as a kidney damage or
glomerular filtration rate <60 mL/min/1.73 m2 for more than three months.

2.5. ECG Parameters

The following parameters were extracted from the MUSE® electronic archive [10,11]:

- Heart rate.
- P, QRS, and T wave axes were recorded from peak amplitudes in the extremity leads.
- P and T wave durations were calculated through the mean of the 12 ECG leads.
- PR interval was defined as the time between the beginning of atrial depolarization

to the onset of ventricular depolarization and was measured through the mean of
the 12 ECG leads. Prolonged PR interval, or first-degree atrioventricular block, was
defined by an interval greater than 212 milliseconds (ms) [10].

- QRS complex duration was established through the mean of the 12 ECG leads.
- QT interval was defined as the time between the beginning of ventricular depolariza-

tion and the end of ventricular repolarization measuring the mean of the 12 leads. QT
corrected (QTc) was established through Bazett’s correction and a prolonged QTc was
defined by an interval greater than 457 ms [10].

- Frontal QRS-T angle was calculated as the absolute difference in value between the
frontal plane QRS and T wave axes. If the difference between the QRS and T wave axes
was greater than 180 degrees (deg) the resultant QRS-T angle would be calculated as
360 deg minus the absolute angle to obtain a value between 0 deg and 180 deg [12,13].

ECG data were transferred into an Excel file and statistical analysis was performed.

2.6. Statistical Analysis

Continuous variables are displayed as mean ± standard deviation, while categorical
data are displayed as frequencies. A two-tailed p-value ≤ 0.05 was considered statistically
significant, with a 95% confidence interval.

The mean values ± standard deviation of the ECG parameters together with −2 and
+2 Z-scores in the whole population and in the three groups (Emergency Departments,
Hospital Units, and in- and out-of-hospital Ambulatories) were computed. The ANOVA
test to check the hypothesis that the three groups came from populations with the same
mean against the alternative hypothesis that the population means were not all the same
was performed. T-test (or Wilcoxon test in the case of not-normal data) was used to check
the same null hypothesis for pairs of subgroup data.

The difference of means between males and females in the whole population was
analyzed through the t-test.

To investigate the null hypothesis of independence of ECG parameters from age, a chi-
square test was performed. Regression analysis was used to assess the linear dependence
of ECG parameters on age and the coefficient of determination R2 was used to determine
the best linear fit. Pearson’s correlation coefficient (r) values were also given.

For the significant parameters at linear regression analysis, mean values and −2 and
+2 Z-scores (corresponding to 2.3rd and 97.7th percentiles) were tabulated according to
15 age categories (5 years each, from 15 to 90 years old). The moving mean values over
a sliding 5-year window, together with the standard deviations over the same moving
windows, were calculated. Analyses were performed with MATLAB (R 2021 b).
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3. Results

3.1. Population Data

From January 2008 to September 2021, 309,405 ECGs were archived in the MUSE®

electronic archive in the national health system facilities of Modena. Of these, after exclu-
sions, 130,471 patients were enrolled. The Emergency Department group was composed of
29,560 patients, the Hospital Units group of 85,239 patients, and the Ambulatory group of
15,672 patients (baseline characteristics of the study population and exclusion criteria are
shown in Table 1). The database comprised 1,565,652 data points.

Table 1. Baseline characteristics of the study population and exclusion criteria.

Clinical Characteristics of the
Enrolled Patients:

Exclusion Criteria:

Enrolled patients § 130,471 Incorrect or incomplete ECG § 2826
Men § 63,261 (48.5%) Bad signals qualities ECG § 26,659
Women § 67,210 (51.5%) Young and very old people § 12,902
Mean age at enrollment date (years) * 56.8 ± 19.4 Multiple ECG § 89,870
Emergency Departments group § 29,560 Atrial fibrillation § 10,245
Men § 14,658 (49.6%) Atrial flutter § 1957
Women § 14,902 (50.4%) Supraventricular tachycardia § 3721
Surgical/Medical Units group § 85,239 Wollf-Parkinson-White § 434
Men § 41,519 (48.7%) Bundle branch block § 19,660
Women § 43,720 (51.3%) Pacemaker or implantable cardioverter-defibrillator § 8670
Ambulatory group § 15,672 Second-degree AV block § 1698
Men § 7084 (45.2%) Third-degree AV block § 292
Women § 8588 (54.8%) Excluded patients § 178,934

§ Number of patients, % percent of patients, * Mean ± standard deviation.

The prevalence of cardiovascular risk factors in the study population according to age
(15–54 years vs. 55–90 years) were: diabetes 3.3% vs. 16.3%, hypertension 9.6% vs. 38.2%,
dyslipidemia 17.6% vs. 36.4%, and tobacco smoke 18.1% vs. 3.9%, respectively.

The prevalence of cardiovascular diseases and comorbidities in the study population
according to age (15–54 years vs. 55–90 years) were: cardiovascular diseases 3.3% vs. 18.2%,
cerebrovascular diseases 0.9% vs. 9.4%, chronic obstructive pulmonary diseases 7.5% vs.
15.9%, dementia 0.3% vs. 5.1%, cancer 4.9% vs. 19%, and chronic kidney disease 0.8% vs.
8.2%, respectively.

Figure 1 shows the age distribution of the enrolled patients, while Table 2 shows aver-
age ECG values and Z-scores in the whole population and in the Emergency Department,
Hospital Units, and in- and out-of-hospital Ambulatories groups.

3.2. ECG Analysis

The effects of age, sex, and of the different facilities on the considered ECG parameters
were:

- Heart rate significantly increased with ageing, without a linear correlation (p < 0.001,
R2 = 0.06, r= −0.246, Figure 2a). Females had greater heart rate than males (74.6 ± 14.3
beats per minute (bpm) vs. 70.9 ± 14.6 bpm, respectively, p < 0.001, Figure 3a). Heart
rate was greater in the Emergency Department group (Table 2).
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Figure 1. Age-distribution of the study population.

Table 2. Mean ECG values and Z-scores −2 and +2 in the study population and in the three groups.

Study Population
130,471 Patients

Emergency
Department Group

29,560 Patients

Hospital Units Group
85,239 Patients

Ambulatory Group
15,672 Patients

Mean ± sd * Mean ± sd * Mean ± sd * Mean ± sd *
p-ValueZ Scores

−2
Z Scores

+2
Z Scores

−2
Z Scores

+2
Z Scores

−2
Z Scores

+2
Z Scores

−2
Z Scores

+2
Heart rate

(bpm
◦
)

72.8 ± 14.5 76.9 ± 16.7 72.1 ± 13.8 69.0 ± 12.0
<0.00150 108 50 116 50 105 49 97

P wave axis
(deg ˆ)

50.2 ± 22.4 53.8 ± 22.0 49.4 ± 22.5 48.2 ± 22.1
<0.001−2 85 2 86 −3 85 −2 82

QRS axis
(deg ˆ)

27.8 ± 39.3 34.5 ± 41.0 25.0 ± 39.2 30.1 ± 35.2
0.033−51 89 −52 93 −51 88 −43 86

T wave axis
(deg ˆ)

41.9 ± 31.8 45.7 ± 32.4 41.4 ± 32.9 37.7 ± 23.0
<0.001−14 110 −14.6 111 −15 116 −5 77

P wave duration
(ms #)

98.3 ± 19.6 100.0 ±19.9 98.1 ± 19.7 96.6 ± 18.0
<0.00152 130 52 132 52 128 54 126

QRS duration
(ms #)

89.5 ± 13.3 90.1 ± 13.5 89.6 ± 13.5 87.7 ± 11.6
<0.00170 118 70 120 70 120 68 112

T wave duration
(ms #)

189.1 ± 40.0 187.9 ± 41.3 189.1 ± 40.7 191.4 ± 32.7
<0.00158 246 58 250 54 248 92 238

PR interval
(ms #)

155.7 ± 27.6 156.6 ± 28.1 156.1 ± 27.9 152.2 ± 24.8
0.302112 220 114 222 112 222 112 208

QTc interval
(ms #)

430.1 ± 29.0 435.7 ± 29.0 429.8 ± 29.4 421.0 ± 23.8
<0.001379 492 384 496 379 494 374 468

Frontal QRS-T angle
(deg ˆ)

32.1 ± 31.9 32.6 ± 33.1 33.0 ± 32.6 26.4 ± 24.2
0.0731 131 1 135 1 135 1 94

* mean ± standard deviation,
◦

beats per minute, ˆ degrees, # millisecond.
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Figure 2. ECG changes with ageing of the considered parameters in the enrolled population. All the
parameters (a–i) changed with ageing but only QRS axis (c), PR interval (h), and QTc (i) presented a
linear change with increasing age.

- P wave axis slightly but significantly turned to the right, without a linear correlation
(p < 0.001, R2 = 0.692, r = 0.832, Figure 2b). Females had greater values than males
(50.8 ± 22.2 deg vs. 49.6 ± 22.6 deg, respectively, p = 0.014, Figure 3b). P wave axis
turned to the right mainly in the Emergency Department facility (Table 2).

- QRS axis with a straight-line correlation turned to the left (p < 0.001, R2 = 0.991,
r= −0.996, Figure 2c). Differences between females and males were not statistically
significant (30.8 ± 37.1 deg vs. 24.5 ± 41.3 deg, respectively, p = 0.177, Figure 3c). A
greater shift to the left was evident in the Hospital Units group (Table 2).

- T wave axis significantly turned to the right (p < 0.001, R2 = 0.419, r = 0.648, Figure 2d),
but without a linear correlation. No significant differences between females and males
were observed (42.6 ± 31.1 deg vs. 41.2 ± 32.6 deg, respectively, p = 0.819, Figure 3d).
T wave shifted to the right mainly in the Emergency Department group (Table 2).

176



J. Clin. Med. 2022, 11, 3737

Figure 3. ECG changes with ageing of the considered parameters in females—and in males—
Significant differences between females and males were observed for most of the ECG parameters
(a–i). Especially heart rate and QTc were significantly greater in females (a,i) while QRS duration and
PR interval were significantly greater in males (f,h).

- P wave duration increased with ageing without a linear correlation (p < 0.001, R2 = 0.051,
r = −0.227, Figure 2e). p duration was lower in females with respect to males (95.9 ± 19.1
ms vs. 100.9 ± 19.8 ms, respectively, p < 0.001, Figure 3e). Greater P waves were observed
in the Emergency Department group (Table 2).

- QRS duration significantly increased with ageing (p = 0.001, R2 = 0.608, r = 0.78,
Figure 2f), but without a linear correlation. QRS was shorter in females than in males
along all ages (84.9 ± 11.4 ms vs. 94.3 ± 13.5 ms, respectively, p < 0.001, Figure 3f).
Greater QRS values were recorded in the Emergency Department group (Table 2).

- T wave duration significantly changed with ageing, without a linear correlation
(p < 0.001, R2 = 0.302, r = 0.55, Figure 2g). T wave duration was greater in females
with respect to males (192.6 ± 43.9 ms vs. 185.5 ± 35.0 ms, respectively, p < 0.001,
Figure 3g). Greater T waves were observed in the Ambulatory group (Table 2).

- PR interval increased with a straight-line correlation with ageing (p < 0.001, R2 = 0.978,
r = 0.989, Figure 2h). PR was shorter in females with respect to males along all ages
(151.1 ± 25.9 ms vs. 160.5 ± 28.6 ms, respectively, p < 0.001, Figure 3h). No significant
differences among the three groups were observed (Table 2).
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- QTc increased with a straight-line correlation (p < 0.001, R2 = 0.935, r = 0.967, Figure 2i).
Females had longer QTc values with respect to males (434.6 ± 27.7 ms vs. 425.4 ± 29.5
ms, respectively, p < 0.001, Figure 3i) but with increasing age the differences became
null. QTc values were greater in the Emergency Department group (Table 2).

- Frontal QRS-T angle increased without a linear correlation (p < 0.001, R2 = 0.717,
r = 0.847, Figure 4a) but when the analysis was performed including only patients
older than 51.5 years, QRS-T angle revealed a straight-line correlation with ageing
(p < 0.001, R2 = 0.979, r = 0.956, Figure 4b). No significant differences between females
and males (30.8 ± 30.6 deg vs. 33.5 ± 33.1 deg, respectively, p = 0.203, Figure 4c)
and between the three groups were observed (Table 2). The proportion of patients
with a QRS-T angle greater than 90 deg rapidly increased among patients older than
51.5 years (Figure 4d).

Figure 4. QRS-T angle modifications with ageing in the whole population (a), in patients older than
51.5 years (b), in females and males (c); and (d) percentage of patients with QRS-T angle greater than
90 deg according to age. In panels (a–c) dots represent mean values of QRS-T angle while in panel
(d) green dots represent the percentage of patients with a QRS-T angle greater than 90 deg. In panels
(a,b) lines represent the fitted curve.
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Tables 3 and 4. show, respectively, the mean values ± standard deviation and Z-scores
−2 and +2 (computed in 15 age categories of 5 years each) of parameters with a linear
correlation with ageing and of frontal QRS-T angle in the whole population, in males
and females.

Table 3. Mean ECG values, computed in 15 age categories of 5 years each, of the parameters with a
straight-line correlation with age and mean QRS-T angle values. For each age category, in the upper
line, means ± standard deviation in the whole population; in the bottom line, means ± standard
deviation in males and females.

Age (Years) QRS Axis * (deg ˆ) PR Interval * (ms #) QTc Interval * (ms #) QRS-T Angle * (deg ˆ)
Men * Women * Men * Women * Men * Women * Men * Women *

15–19
64.9 ± 24.7 140.7 ± 20.8 415.1 ± 26.2 25.9 ± 19.4

65.2 ± 26.2 64.6 ± 23.0 141.7 ± 20.0 139.5 ± 21.6 406.7 ± 25.3 424.0 ± 24.4 25.1 ± 18.9 26.7 ± 19.8

20–24
60.1 ± 26.7 142.5 ± 20.4 416.0 ± 26.1 26.0 ± 20.0

61.1 ± 28.4 59.2 ± 25.0 145.9 ± 20.8 139.3 ± 19.6 406.4 ± 26.0 425.1 ± 22.9 25.7 ± 20.1 26.3 ± 19.9

25–29
54.9 ± 27.5 142.6 ± 20.6 419.6 ± 25.0 24.3 ± 19.1

57.0 ± 28.9 53.4 ± 26.4 148.4 ± 21.2 138.6 ± 19.2 409.9 ± 24.9 426.5 ± 22.6 23.9 ± 18.9 24.6 ± 19.2

30–34
49.5 ± 28.7 143.1 ± 21.1 421.1 ± 24.6 23.1 ± 19.3

48.7 ± 31.3 49.9 ± 27.1 150.2 ± 20.7 138.7 ± 20.1 411.3 ± 24.5 427.2 ± 22.6 22.6 ± 20.1 23.3 ± 18.8

35–39
45.9 ± 29.7 145.5 ± 21.4 422.0 ± 24.0 21.4 ± 18.8

43.2 ± 32.0 47.9 ± 27.8 151.3 ± 21.6 141.1 ± 20.2 414.8 ± 24.6 427.4 ± 22.0 21.9 ± 20.1 21.0 ± 17.6

40–44
40.9 ± 32.0 148.0 ± 20.4 424.1 ± 26.0 21.9 ± 21.5

36.3 ± 33.4 44.8 ± 30.2 152.9 ± 20.4 143.8 ± 19.5 417.7 ± 25.0 429.6 ± 25.5 23.0 ± 23.4 20.9 ± 19.7

45–49
37.0 ± 33.5 149.9 ± 21.2 425.8 ± 25.4 22.6 ± 22.8

32.0 ± 35.1 41.5 ± 31.3 153.9 ± 20.8 146.2 ± 20.8 420.3 ± 25.5 430.9 ± 24.1 24.2 ± 24.8 21.1 ± 20.6

50–54
31.6 ± 33.8 153.0 ± 21.6 427.0 ± 25.3 24.4 ± 24.6

26.9 ± 34.8 36.5 ± 32.1 156.0 ± 21.4 150.0 ± 21.5 423.2 ± 26.0 430.8 ± 24.1 26.2 ± 26.1 22.6 ± 22.9

55–59
27.2 ± 35.1 155.4 ± 22.8 428.5 ± 26.1 26.8 ± 26.9

23.1 ± 36.4 31.9 ± 33.0 158.5 ± 23.4 151.9 ± 21.4 424.9 ± 26.6 432.6 ± 24.9 28.7 ± 28.4 24.6 ± 24.8

60–64
20.9 ± 35.6 157.6 ± 24.7 430.3 ± 26.7 31.1 ± 30.3

17.7 ± 37.4 24.7 ± 32.9 161.3 ± 25.6 153.1 ± 22.7 427.1 ± 26.9 434.1 ± 25.9 33.5 ± 32.5 28.2 ± 27.2

65–69
16.4 ± 37.3 160.5 ± 26.8 432.3 ± 27.1 34.9 ± 32.8

13.9 ± 39.6 19.3 ± 34.2 164.9 ± 28.0 155.3 ± 24.2 429.1 ± 28.3 436.1 ± 25.1 36.7 ± 34.0 32.7 ± 31.2

70–74
12.1 ± 38.4 163.3 ± 29.4 435.1 ± 29.3 40.1 ± 35.5

9.8 ± 40.8 14.5 ± 35.5 168.2 ± 31.3 157.9 ± 26.0 431.2 ± 29.5 439.4 ± 28.5 41.3 ± 36.6 38.7 ± 34.2

75–79
9.2 ± 40.8 166.7 ± 32.9 439.1 ± 30.5 44.5 ± 38.7

7.2 ± 44.0 11.3 ± 37.2 172.2 ± 35.0 161.2 ± 29.6 436.1 ± 30.8 442.1 ± 29.9 46.8 ± 40.2 42.3 ± 37.0

80–84
6.2 ± 42.3 169.0 ± 35.2 444.4 ± 33.6 50.5 ± 42.4

2.8 ± 46.2 8.8 ± 38.9 176.1 ± 38.0 163.5 ± 31.9 442.4 ± 33.0 445.9 ± 33.9 54.2 ± 43.8 47.6 ± 41.0

85–90
4.9 ± 45.4 171.3 ± 37.8 451.0 ± 36.0 57.5 ± 45.9

3.3 ± 49.5 5.9 ± 42.9 178.5 ± 40.9 167.1 ± 35.2 448.5 ± 36.1 452.4 ± 35.8 59.3 ± 46.4 56.4 ± 45.6

* Mean ± standard deviation, ˆ degrees, # milliseconds.

Table 4. Z-scores −2 and +2, computed in 15 age categories of 5 years each, of the three parameters
with a straight-line correlation with age and of QRS-T angle. On each cell Z-scores −2 (on the left)
and +2 (on the right). For each age category, in the upper line, −2 and + 2 Z-scores in the whole
population; in the bottom line, −2 and + 2 Z-scores in males and females.

Age
(Years)

QRS Axis (deg ˆ)
Z Scores −2 and + 2

PR Interval (ms #)
Z Scores −2 and + 2

QTc Interval (ms #)
Z Scores −2 and + 2

QRS-T angle (deg ˆ)
Z Scores −2 and + 2

Men Women Men Women Men Women Men Women

15–19
3 98 104 185 364.5 466 1 77

−0.49 102 9 96 106 185 104 185.1 360 459 376 470 1 74 1 82

20–24
−5 96 108 186 366 464 1 75

−7 97.5 −3 94 108 190 106 184 361 455 378 467 1 73 1 75.8

25–29
−6 93 108 190 372 467 1 71.5

−7.9 96 −4 91 114 196 108 184 364 462 384 470 1 72.9 1 71

30–34
−14 92 108 190 373.2 469 1 74

−18.7 93 −9 91.5 116 197.5 104 182 364 461 383.5 471 1 77 1 71.5

35–39
18 91 110 192 375 469 1 69

−24 93 −11 89 116 198 106.6 186 369 467 385 470.7 1 77 1 65
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Table 4. Cont.

Age
(Years)

QRS Axis (deg ˆ)
Z Scores −2 and + 2

PR Interval (ms #)
Z Scores −2 and + 2

QTc Interval (ms #)
Z Scores −2 and + 2

QRS-T angle (deg ˆ)
Z Scores −2 and + 2

Men Women Men Women Men Women Men Women

40–44
−27 89 112 192 377 474 1 80.4

−33 89 −20 89 116 198 108 186 371 468.6 385.7 477 1 87.6 1 72.3

45–49
−31 88 112 196 378 477 1 88

−38 88 −24 88 116 200 110 192 373 473 386.7 480 1 96.2 1 79.3

50–54
−36 86 116 200 381 479 1 97.4

−40 85.9 −30 87 118 204 112 196 378 479 386 480 1 105 1 91

55–59
−42.5 85 116 206 382 483 1 107

−48 84 −33 86 118 210 114 200 378 481.6 388 484.4 1 114.6 1 97

60–64
−47 82 116 214 384 487 1 122

−51 83 −41 81 118 218 114 204 381 486 388 488 1 135 1 106.7

65–69
−53 82 116 222 384 491 1 132

−56 84 −47 80 120 230 114 210 381 492 390 490 1 138 1 124

70–74
−57 81 116 230 386 498 1 142

−61 83 −51 80 118 240 116 218 383.5 497 392.2 498 1 147.5 1 136

75–79
−61 84 118 244 388 510 1 153

−64 90 −53 81 119.4 256 116 230 384 508 393 513.3 1 154 1 151

80–84
−63 86 118 254 391 525 1 161

−67.5 90 −58 83 120 268 114 236 390 525 392 525 1 164 1 160

85–90
−64 99.6 116 266 392 536 2 169

−67 132.6 −61 90.8 116 280 116 254 390 539.3 395.2 535 2 170 2 168
ˆ degrees, # milliseconds.

4. Discussion

In this large non-selected population, ageing and comorbidities influenced the consid-
ered ECG parameters, but a straight-line correlation was found only for QRS wave axis, PR,
and QTc intervals. Secondarily, significant differences between females and males were
found. Lastly, different mean values for some ECG parameters were registered mainly in
the Emergency Department group.

Ageing produces structural and functional changes in the cardiovascular system,
which involves the appearance of cardiovascular diseases and comorbidities [14]. The
consequences of these conditions are the appearance of vascular stiffness, fibrosis, hyper-
trophy, and the involution of muscular tissue, valves, and arteries [15]. Moreover, with
increasing age, heart position into the thorax changes, thoracic impedance grows, the use
of heart conduction-modifying drugs increases, and the exposure to environmental factors
rises [16,17].

Jorgensen and coll. already demonstrated that ECG changes with ageing were associ-
ated with the appearance of cardiovascular risk factors [18], while in a large population
of Latinos Silva and coll. observed a greater prevalence of ECG abnormalities in old
males [19].

We found that the straight-line changing parameters were an expression of the leftward
deviation of the ventricular axis (QRS axis), of the slowdown conduction between atria
and ventricles (PR interval), and of the prolongation of ventricular repolarization (QTc
interval). Linear correlations were not found for P, QRS, and T waves duration and for P
and T waves axes.

In healthy population studies, Van der Ende and coll. previously observed that
increasing age was associated with a linear increase of PR and QT intervals and with a
weak increase of P and QRS waves duration [2]. Rijnbeek and coll. in a smaller population
observed the same results, excluding the stability of QRS duration [14], while Palhares and
coll. in a large healthy Brazilian population evaluated mean ECG values also at extreme
ages, observing smaller changes with increasing age [9].

We claim that our results are similar, but more applicable to clinical practice, having
been obtained in a large non-selected population with cardiovascular risk factors and acute
and chronic diseases that had been excluded from previous healthy population studies.

Heart rate: the increase in heart rate is a well-known risk factor for mortality [20]. In
this study, it was higher in young patients, mildly decreased in the middle-aged population,
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and then increased again in old people, and overall, was higher in females. Previous healthy
population studies showed fewer fluctuations in heart rate with increasing age [2,9,10,14].
We claim that in our study heart rate changes in old subjects were mainly attributable to
the enrolled patients with acute diseases.

P, QRS, and T wave axes: changes in the cardiac axis have been associated with an in-
creased risk of death [21]. In this study, P and T wave axes weakly turned to the right while
QRS axis turned to the left with a straight-line correlation. Previous healthy population
studies have observed smaller changes in the heart axis with increasing age [2,9,10,14]. Re-
gardless of the QRS axis, our results could be explained by the appearance of hypertension
and diabetes and especially by changes in heart position and in thoracic impedance.

P, QRS, and T wave duration: in this study mean P and T wave duration had small
changes with increasing age, while QRS duration slightly increased without a linear cor-
relation. P and QRS duration were greater in males, while T duration was greater in
females. Additionally, previous studies have observed the same results [2,9,10,14], and our
work confirmed that increasing age was not strictly associated with the increase in times
of contraction.

PR interval: PR duration has been associated with the appearance of atrial fibrillation
and with cardiovascular death [22]. Like previous studies, our work confirmed that the
PR interval—greater in males—increased with a straight-line correlation in the entire
population and in the three groups.

QTc interval: QTc is a globally utilized parameter influenced by many factors, associ-
ated with an increased arrhythmic risk, and calculable with various methods (Framingham,
Hodges, Fredericia, Bazett, Rautahariu) [23]. Like previous studies, we observed a linear
increase of QTc with increasing age utilizing Bazett’s correction but differences between
males and females became null with ageing. This behavior could be attributable to sexual
hormones: in males, QTc is related to testosterone levels, causing a hormone effect on
cardiac ion channels [24,25]. QTc assessment before and during the use of heart conduction-
modifying drugs, for their association with an increased risk of sudden cardiac death, is
strongly recommended [26].

Frontal QRS-T angle: QRS-T angle could be determined through vectorcardiography
(spatial QRS-T angle) and through standard ECG recording (frontal QRS-T angle) [27]; it
represents the disjunction between left ventricular depolarization and repolarization and is
a strong predictor of cardiovascular death and of coronary artery diseases [28,29].

Aro and coll. showed that a frontal QRS-T angle greater than 100 deg was associated
with a high risk of sudden cardiac death [30]. Except for the short report of Marcolino
and coll. in a population of Latinos [31], to our knowledge, previous studies have not
investigated QRS-T angle changes with ageing.

In this study, the QRS-T angle remained stable until middle age, and then rapidly
increased with a straight-line correlation. QRS-T angle better reflected the appearance of
cardiovascular diseases and comorbidities than the changes in heart position and thoracic
impedance. The evidence of an abnormal QRS-T angle especially in young and middle-
aged subjects should be explained and the underlying presence of coronary artery diseases
be excluded.

Most of the considered parameters have a clinical significance and a prognostic role
with respect to the appearance of atrial fibrillation, sudden cardiovascular death, and
major cardiovascular events [32–34], so their precise characterization is crucial. This work
demonstrated, in a large contemporary primary population, that ECG is influenced by
ageing, sex, cardiovascular diseases, and comorbidities but is difficult to be defined the
weight of each of these conditions.

The study provided mean and Z-score reference values for the ECG parameters with a
straight-line correlation with age and sex. The detection of abnormal ECG values should
be investigated by clinicians excluding the presence of cardiomyopathies, congenital and
arrhythmogenic heart diseases, subtle hypertension, or ischemic heart diseases.

181



J. Clin. Med. 2022, 11, 3737

Moreover, clinicians should consider the effects of many drugs and of acute diseases,
particularly infectious diseases, on ECG. A recent example is represented by SARS-CoV−2,
which is able to cause ECG abnormalities and arrhythmias due to its ability to alter ion and
especially calcium homeostasis [35–37].

For many years, ECG reporting has been considered a simple and subjective procedure,
but a new era is coming. News ECG parameters are disposable and the use of algorithms
such as “heart age” [38] or “age gap” [39] could increase the diagnostic and prognostic
power. Moreover, the use of artificial intelligence can allow us to identify the presence
of many conditions such as left ventricular systolic dysfunction, coronary artery diseases,
accessory pathways, aortic stenosis, and hypertrophic cardiomyopathy [40–42]. At present,
these new technological opportunities are not widely available, but the simple use of
reference values and Z-scores could give an additional value to ECG interpretation.

5. Limitations

This study has limitations, mainly due to its retrospective nature, such as the unknown
prevalence of patients utilizing cardiotoxic drugs or heart conduction-modifying drugs, the
unknown exposure to environmental factors, and the unknown prevalence of pulmonary
hypertension or left ventricular hypertrophy [43]. Despite these limitations, we claim that
these unknown factors did not skew the results, because the sample size is strong and the
straight-line correlations started from a young age and continued up to very old age.

6. Conclusions

The results of our study, obtained in a large primary population, are more applicable
in clinical practice than those of previous healthy population studies conducted in order to
maximize the effects of age, sex, and co-pathologies on ECG.

Most of the considered ECG parameters changed with increasing age but only a few
of them with a linear correlation.

ECG modifications were also influenced by sex and comorbidities and were usually
greater in the Emergency Department group.

Reference values expressed by means of and Z-scores were computed for linearly
changing parameters; their use could improve the diagnostic and prognostic ability of
clinicians in ECG interpretation.

Significant deviations from mean values and from Z-scores should be investigated
by clinicians, and the evaluation of the QRS-T angle especially in young and middle-aged
patients could be improved.

The expression of ECG values as Z-scores may provide additional information. There-
fore, ECG could increasingly become a prognostic tool more than a diagnostic test.
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Abstract: Heart rate is quite regular during sinus (normal) rhythm (SR) originating from the sinus
node. In contrast, heart rate is usually irregular during atrial fibrillation (AF). Complete atrioventricu-
lar block with an escape rhythm, ventricular pacing, or ventricular tachycardia are the most common
exceptions when heart rate may be regular in AF. Heart rate variability (HRV) is the variation in the
duration of consecutive cardiac cycles (RR intervals). We investigated the utility of HRV parameters
for automated detection of AF with machine learning (ML) classifiers. The minimum redundancy
maximum relevance (MRMR) algorithm, one of the most effective algorithms for feature selection,
helped select the HRV parameters (including five original), best suited for distinguishing AF from SR
in a database of over 53,000 60 s separate electrocardiogram (ECG) segments cut from longer (up to
24 h) ECG recordings. HRV parameters entered the ML-based classifiers as features. Seven different,
commonly used classifiers were trained with one to six HRV-based features with the highest scores
resulting from the MRMR algorithm and tested using the 5-fold cross-validation and blindfold valida-
tion. The best ML classifier in the blindfold validation achieved an accuracy of 97.2% and diagnostic
odds ratio of 1566. From all studied HRV features, the top three HRV parameters distinguishing
AF from SR were: the percentage of successive RR intervals differing by at least 50 ms (pRR50),
the ratio of standard deviations of points along and across the identity line of the Poincare plots,
respectively (SD2/SD1), and coefficient of variation—standard deviation of RR intervals divided
by their mean duration (CV). The proposed methodology and the presented results of the selection
of HRV parameters have the potential to develop practical solutions and devices for automatic AF
detection with minimal sets of simple HRV parameters. Using straightforward ML classifiers and the
extremely small sets of simple HRV features, always with pRR50 included, the differentiation of AF
from sinus rhythms in the 60 s ECGs is very effective.

Keywords: electrocardiogram; ECG; atrial fibrillation; machine learning; feature selection; minimum
redundancy maximum relevance; MRMR

1. Introduction

Atrial fibrillation (AF) is characterized by the less organized and nearly random
electrical activity of both atria accompanied by an irregular ventricular rhythm. [1–3].
AF can be either asymptomatic in many patients unaware of its existence or entirely
symptomatic with paroxysmal or persistent palpitations, dyspnea, angina, worsened
exercise tolerance, and occasional syncope [2,3]. This arrhythmia is associated with a
significantly increased risk of heart failure, cognitive decline due to vascular dementia,
ischemic stroke, and premature death [2,3].

AF is the most common sustained cardiac arrhythmia, particularly in older people and
those with cardiovascular risk factors such as hypertension, diabetes, smoking, coronary
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artery disease, or obesity [2–4]. It is usually a consequence of structural and/or func-
tional changes in the left atrium or both atria [2–4]. However, AF is not a rare finding in
structurally and functionally normal left atria, e.g., in hyperthyroid disease, after alcohol
consumption, or if autonomic dysregulation is present [5,6]. The estimated lifetime risk of
AF is about 30%, meaning that one in three adult individuals of European ancestry may
develop it in the future [2–4].

Signal processing and machine learning (ML) techniques enable automatic detection of
AF [2,3]. According to the most recent guidelines of the European Society of Cardiology, AF
can be diagnosed using an electrocardiogram (ECG) if: (1) it is present in the entire 12-lead
ECG or (2) if fewer ECG leads are available, it lasts for at least 30 s. However, in many cases
of transient, paroxysmal AF, long-term ECG monitoring is required to diagnose it [2,3].
Mobile ECG monitors with built-in signal processing and ML capabilities are a promising
tool for this task [2,3]. However, such devices’ computational capacity and memory
are limited, and real-time performance is required. It poses additional requirements on
ECG processing and classification algorithms, which have to be simultaneously time- and
memory-efficient and provide sufficient performance quality.

Several approaches are used in the automated detection of AF from an ECG. Some
methods analyze the electrical activity of atria because no P-wave is present on the ECG
during AF. QRS cancellation methods, such as average beat subtraction [7], principal com-
ponent analysis (PCA) [8], independent component analysis (ICA) [9], and singular value
decomposition (SVD) [10,11], are used for atrial electrical activity extraction. The process-
ing of atrial waveform may include time-frequency analysis to determine the presence of
P-waves or f-waves (fibrillatory waves) on an ECG.

However, atrial activity-based AF detection methods are sensitive to poor signal qual-
ity. Atrial waveforms on an ECG have much lower amplitude than ventricular waveforms,
are less defined at the beginning and end, and may overlap with U or T waves, particu-
larly at higher heart rates. Technical artifacts resulting from electromagnetic noise, body
movements, or poor electrical skin properties also severely impact the signal. Additionally,
the methods of atrial activity extraction are computationally expensive and may not be
suitable for real-time use, e.g., in mobile ECG monitors.

One commonly used approach to AF detection is the analysis of heart rate variability
(HRV), defined by the variation in the duration of consecutive cardiac cycles. In contrast
to AF, sinus rhythm (SR) is a normal cardiac rhythm and usually is quite regular within
a specific time. Measures of beat-to-beat changes in cardiac cycle duration during SR
are used for physiological and clinical purposes (mainly prediction) but also in sports
and psychology studies [12–15]. In general, although some variation in the duration of
cardiac cycles exists in SR, its extent is much larger in AF. HRV-based methods rely on the
significant and strong irregularity of the duration of the cardiac cycles in AF. The distance
between R-waves of consecutive QRS complexes corresponding to the electrical activity
of the right and left ventricles of the heart can be used as the length of the cardiac cycle.
R-wave detection is well established, precise, and computationally efficient. The analysis
of RR intervals (differences between consecutive R-wave peaks on an ECG) enables the
detection of irregularity in heart rhythm. Dozens of HRV parameters [12] are derived from
RR-interval time series and can be used as input features for ML algorithms.

Using too many features in ML algorithms may bring redundant information, leading
to an insignificant increase in their performance with an increasing feature set or even
to deterioration of the results. The same issue applies to adding HRV features in ML
algorithms for AF detection since substantial overlap exists between many HRV parame-
ters, and some may contribute similar information. Feature selection in AF detection has
been studied. In a study conducted by Michel et al. [16], several approaches, including
γ-metric, mean decrease in accuracy (MDA), mean decrease in Gini (MDG), and area under
the curve (AUC), were used to select the most relevant HRV features from a 60 s ECG.
AUC was also employed for the feature selection in [17]. Boon et al. [18] used a genetic
algorithm to optimize both the selection of the classifier metaparameters and the selection
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of the HRV feature set from a 15 min ECG. Mustaqeem et al. [19] selected the best features
for classifying 16 different cardiac rhythms using a wrapper algorithm around a random
forest. In a study conducted by de Chazal et al. [20], the best features in four groups were
identified using linear discriminant analysis (LDA). In the PhysioNet/Computing in Cardi-
ology Challenge 2017 [21], where four different rhythms (AF/SR/noisy/another rhythm)
had to be identified in short ECG recordings, several participants incorporated feature
selection [22–24]. The approaches to selecting feature sets (some of which included HRV)
ranged from maximal information coefficient (MIC) and maximum redundancy maximum
relevance (MRMR) [22], backward elimination [23], to the reduction of the entropy [24].
Unfortunately, the detailed results of selecting features were not included in these papers.
In a study conducted by Krasteva et al. (2020), signals from the PhysioNet/CinC Challenge
2017 database were classified using features from HRV, morphology analysis, heartbeat
classification, principal component analysis (PCA) of PQRST and TQ, P-wave analysis, TQ-
segment analysis and noise correction [25]. The HRV parameters included the percentage
of successive RR intervals differing by at least 50 ms (pRR50) and the ratio of standard
deviations of points across (SD1) and along the identity line (SD2) of the Poincare plots,
i.e., SD1/SD2. Relative feature importance (separately in four rhythms) was investigated
based on the weights of the activated neurons in a neural network. Christov et al. [26] used
forward stepwise selection with the linear discrimination analysis (LDA) classifier to select
the most important features in three HR ranges (<50, 50–100, >100 beats per minute (bpm))
for differentiating four rhythms (AF/SR/noisy/other) of the PhysioNet/CinC Challenge
2017 database. The features were derived from HRV, average beat morphology, and analysis
of atrial f-waves. pRR50 was ranked highest in the two upper HR ranges and SD1/SD2
was second in the 50–100 bpm range. Shao et al. [27] proposed a system for AF detection
in wearable devices. Thirty-one features (including some based on RR interval series)
were ranked by their importance obtained from the CatBoost model. The impact of the
number of features in the ML model on the Matthews correlation coefficient (MCC) scores
was presented. Parsi et al. [28] used established and new HRV parameters to predict the
onset of paroxysmal AF. MRMR, infinite latent feature selection (ILFS), and least absolute
shrinkage and selection operator (LASSO) were used for feature selection. The accuracy
in 10-fold CV (by a patient) was 97.7%. Biton et al. [29] extracted the following features
from a 7–10 s 12-lead ECG: deep neural network features, morphology, HRV, and electronic
medical record system (EMR) metadata. A subset of features was selected using MRMR
to predict AF occurring within 5 years (59.6% sensitivity, 96.3% specificity in the test set).
Zhu et al. [30] used a combined approach with MRMR, Fisher, and correlation criteria for
the selection of HRV parameters for AF detection in a database containing several types of
cardiac rhythms. They also studied the impact of the number of neurons in the hidden layer
of the neural network on classification performance. In a thesis by Kotynia [31], MRMR
was used for ranking 24 morphology and HRV features (including SDRR, pRR50, SD1, SD2,
and SD1/SD2) in 10, 15, 30, and 60 s ECGs in AF/SR and AF/non-AF classification. In 10 s
and 15 s segments, pRR50 had the highest MRMR rank in AF/SR classification. However,
the database was relatively small (from 324 60 s segments to 5504 10 s segments). Jiang
et al. [32] studied AF detection in a 24 s ballistocardiogram using several ML classifiers.
They used MRMR to select the most relevant among several novel nonlinear persistent
homology features and studied the impact of the number of features on classification perfor-
mance. Ballistocardiogram measures rhythmic motions of the whole body caused by heart
contractions and blood propelling into the aorta. The signal quality is far from optimal, not
even closely comparable to an ECG. The readings and measurements are not as reliable as
an ECG. However, we found the proposed methodology useful and adapted it to conduct a
similar analysis for HRV parameters from an ECG [32]. Parsi et al. [33] used HRV features
from 1 min and 5 min ECG segments for the prediction of ventricular fibrillation (VF) and
ventricular tachycardia (VT). First, a Student’s t-test was used to eliminate features with the
lowest discriminatory properties. The remaining features were ranked using MRMR and
ILFS. Three classifiers were applied to predict the VT-VF event using an optimal number
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of features from each method (determined in the learning phase). In 1 min and 5 min
segments, the best classification results in the test set were obtained using feature sets
selected by MRMR (6 features in both cases) [33].

Several ML methods (classifiers) are suitable for automatic AF detection, regardless
of which feature extraction method (such as HRV analysis or time-frequency analysis)
is used. A threshold for a single parameter can be used for AF/SR discrimination [34].
Support vector machine (SVM) [35–38] is widely used due to its ability to fit relatively
complex datasets. Artificial neural networks (ANN) [39], including deep convolutional
neural networks (CNN) [40], and recurrent neural networks (RNN) [41], are also used
for the detection of AF. Training the ANN classifier can take significantly longer than
SVM, depending on a neural network’s size, architecture, and different metaparameters.
However, deeper neural networks can fit more complex datasets. Another classification
algorithm is the decision tree [38,42]. It is easily interpretable and fast to train, but its
usefulness in complex classification problems is limited. The sensitivity and specificity in
AF detection reported in the literature vary depending on the dataset and the methods
used. We included the results from selected studies on automated AF detection in Table 1.

Table 1. Atrial fibrillation detection results from the literature.

Reference Dataset
Accuracy

[%]
Sensitivity

[%]
Specificity

[%]
Classifier Notes

Parsi et al., 2021
[28]

Physionet Atrial
Fibrillation
Prediction
Database

97.7 98.8 96.7
SVM (also
MLP, RF,

KNN)

5 min ECG segments, established
and new HRV parameters, the

distinction between SR and rhythm
just before the onset of AF. 10-fold
cross-validation (by the patient).

Biton et al., 2021
[29]

Telehealth
Network of Minas

Gerais (TNMG)
database

- 59.6 95.3 RF

DNN features from a raw 12-lead
ECG (7–10 s), morphology, HRV,

EMR metadata. Prediction of
developing AF within 5 years.

Zhu et al., 2021
[30]

13,354 short-term
ECG segments 90.46 94.04 86.74 ANN

10 s ECG, seven classes (rhythms).
Feature selection: correlation with

label, MRMR, Fisher criterion.

Jiang et al., 2022
[32]

Own BCG
database 94.50 96.70 92.62

SVM (also
KNB, LR, RF,

BT)

24 s BCG signal, MRMR feature
selection, 10-fold CV

Oster et al., 2013
[34] AFDB - 92.7 94.2 RR entropy

threshold
Length: 12 RR intervals, features:

coefficient of sample entropy.

Mohebbi et al., 2008
[35]

MIT-BIH
Arrhythmia

Database
- 99.07 100 SVM HRV from 32 RR, feature selection

with LDA

Sepulveda-Suescun
et al., 2017

[36]
AFDB 97.8 97.9 97.8 SVM Poincare plot-based HRV. Only

226 AF and 264 SR segments.

Nguyen et al., 2018
[37]

2017 Phys-
ioNet/Computers

in Cardiology
Challenge
Database

95.15 - - SVM 30–60 s recordings, HRV

Mei et al., 2018
[38]

2017 Phys-
ioNet/Computers

in Cardiology
Challenge
Database

96.6 83.2 98.6 BT 30–60 s recordings, HRV, and
frequency analysis

Pourbabaee et al.,
2018
[40]

Physionet PAF
prediction
challenge
database

91 - - KNN (and
other classifiers) Neural network-extracted features.

Faust et al., 2018
[41] AFDB 99.77 99.87 99.61 RNN Sequence of 100 RR intervals

Ma et al., 2020
[43]

MIT-BIH
Arrhythmia

Database
98.3 97.4 99.3 Shallow

ANN
RR interval series as features, not

specified how long.
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Table 1. Cont.

Reference Dataset Accuracy [%]
Sensitivity

[%]
Specificity

[%]
Classifier Notes

Marsili et al., 2016
[44] AFDB 98.44 97.33 98.67

Symbolic
dynamics,
threshold

Beat-by-beat classification based on RR
intervals (symbolic dynamics).

Erdenebayar
et al., 2019

[45]

AFDB, MIT-BIH
Normal Sinus

Rhythm Database
98.7 98.7 98.6 CNN

30 s segments, CNN features from raw
ECG, training/test division

not specified.

Mousavi et al.,
2020
[46]

AFDB 82.41 90.53 79.54 Bidirectional
RNN 5 s RR interval sequence

Faust el al., 2020
[47] AFDB, LTAFDB 94 RNN 100 RR sequence, blindfold validation

on LTAFDB

AF—atrial fibrillation, AFDB—MIT-BIH Atrial Fibrillation Database, ANN—artificial neural network,
BCG—ballistocardiogram, BT—bagging tree, CNN—convolutional neural network, DNN—deep neural network,
ECG—electrocardiogram, EMR—electronic medical record, HRV—heart rate variability, KNB—kernel naive Bayes,
KNN—K nearest neighbors, LDA—linear discrimination analysis, LR—linear regression, LTAFDB—Long-Term
Atrial Fibrillation Database, MLP—multilayer perceptron, MRMR—minimum redundancy maximum relevance,
PAF—paroxysmal atrial fibrillation, RF—random forest, RNN—recurrent neural network, RR—distance between
peaks of consecutive R-waves, SR—sinus rhythm, SVM—support vector machine.

We aimed to study the impact of the selection of HRV parameters (features in terms
of ML) employed as inputs in ML algorithms for distinguishing AF from SR. Some HRV
features have been rarely or never used for this purpose.

2. Materials and Methods

We used one of the most effective filter-based algorithms for feature selection, i.e.,
MRMR [48], which has recently been relatively widely used in ML [22,29–33,49]. The
MRMR algorithm maximizes the relevance (ability) of the set of features for correct classifi-
cation and minimizes the redundancy between the features. To determine the relevance
and redundancy, the mutual information between the features and between individual
features and the classification output are calculated, respectively.

We identified minimal sets of one to six of the selected HRV features, allowing us to
achieve the best performance of automatic AF detection. We decided to use several different,
relatively simple classifiers and compare their performance to check if the effectiveness of
the MRMR-based feature selection is classifier-dependent. For feature sets containing from
one to six features with the highest MRMR scores, each classifier was tuned in the 5-fold
cross-validation in the training set to obtain the highest accuracy. The tuned classifiers were
then trained on the entire training set and validated on the whole test set. For the small sets
of HRV features, we determined statistical and diagnostic measures for the automatic AF
detection algorithms. To our knowledge, such research results have never been reported.

In all models, pRR50 was the most relevant HRV feature and thus was always present.
To study the effects of minimal sets composed of other HRV features, we have post-hoc
defined an additional study aim to explore the diagnostic properties of ML algorithms
for separating SR from AF ECGs using HRV features after exclusion of pRR50. Therefore,
the entire process (feature selection, metaparameter tuning, training, and validation) was
then repeated after excluding pRR50 to evaluate how much it would negatively impact the
performance of classifiers.

The potential application of our findings in miniature devices determines the number
of HRV features and the choice of relatively simple ML algorithms for AF detection. Devices
such as bio-patches, wearables, or implantable devices are critically limited by the available
computational resources and the acceptable energy consumption.

2.1. Data Used in the Study

Two open databases were used in the study: the MIT-BIH Atrial Fibrillation Database
(AFDB) [50,51] and the Long Term AF Database (LTAFDB) [51,52]. Both databases contain
ECG signals, annotations of detected QRS locations, and annotations of rhythm type.

189



J. Clin. Med. 2022, 11, 4004

Distances between two consecutive QRS complexes, i.e., RR intervals, correspond to each
cardiac cycle’s duration. Each QRS complex was annotated as one of the following beats:
sinus, supraventricular or ventricular, and an artifact if the noise was present instead of
a QRS complex. RR intervals were annotated with the type of beat corresponding to the
QRS complex at the beginning of each cardiac cycle. The AFDB database contained 23 ECG
recordings with a mean duration of 10 h. In the LTAFDB database, 84 ECG recordings
lasted, on average, 24 h.

2.2. Software Tools

We used Python programming language (version 3.9, Python Software Foundation,
Wilmington, DE, USA) for all the analyses except for the MRMR algorithm, for which
we used the implementation from the Statistics and Machine Learning Toolbox in Matlab
(version 2021a, Mathworks, Natick, MA, USA). For classification, we used the scikit-learn
Python library (version 0.24.2).

2.3. Splitting Data into the Training Set and Test Set

Several different methods are used to assess classification performance [53,54]. Both
k-fold cross-validation and blindfold validation were performed in this study to evaluate
potential data leakage problems. Data leakage occurs when random samples for training
and test datasets result in very similar data, e.g., from the same patient, present in both
sets, leading to an over-optimistic estimation of classification performance [55]. In many
publications, recordings from the same patients as in the training set or even different
segments of the same recordings are present in the validation set [35,36,43,44], which leads
to very good but unreliable results. This issue is rarely discussed in publications on ML-
based arrhythmia detection. It was addressed in the context of AF detection in [46], where
its impact on classification metrics was demonstrated.

In [41], data from 20 out of 23 patients in AFDB were used for the training part. The
10-fold cross-validation of the model was performed on the training set, and the data
from the three remaining patients were used for the blindfold validation. The reported
blindfold validation performance was even higher than in the 10-fold validation (accuracy
99.77% vs. 98.51%), which can be due to the small size of the validation set. In [47], the
classifier from [41] was validated on a different database (LTAFDB) than the training set
(AFDB), achieving 94% accuracy. Other results can be found in [46], where the classifier was
trained on RR intervals from 5 s ECG segments from AFDB and tested on the PhysioNet
Computing in Cardiology Challenge 2017, achieving 96.98% accuracy.

We argue that data leakage should not be ignored as it can lead to overfitting the
dataset and decrease performance when new data is introduced. Properly dividing data
into a training set and a test set is crucial for reliable estimation of classification performance.
We randomly selected 2/3 AFDB patients and 2/3 LTAFDB as the training set and the
remaining 1/3 of the patients from each database as the test set. This way, we aimed to
achieve two things: 1. data from no patient is simultaneously present in both sets, and 2.
training and test sets are both large and varied. Classification metrics from the blindfold
validation on the test set were compared with the 5-fold cross-validation on the training
set. The test set differed from the set used for training the ML classifiers, with no patients
present in both sets in the blindfold validation. Such an approach is closer to real-life ECG
monitoring when the data from the tested person was not previously used for training the
AF detection algorithm.

2.4. Data Preprocessing

Uninterrupted, non-overlapping 60 s fragments of ECG with either AF or SR were
chosen for analysis, and segments containing other rhythms were discarded. We used
the QRS annotations from the databases to calculate the RR intervals. ECG fragments
containing both AF and SR were also excluded to limit the scope of the study to the
differentiation between pure AF and pure SR. RR intervals shorter than 240 ms or longer
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than 3000 ms were removed to limit the impact of potentially unnoticed technical artifacts
on the analysis. ECG segments in which the removed RRs lasted at least 10% (6 s) of the
total segment duration (60 s) were also discarded from the study. The number of studied AF
and SR segments (before and after removing some segments with artifacts) are summarized
in Table 2.

Table 2. The number of electrocardiogram segments with atrial fibrillation (AF) and sinus rhythm
(SR) in training and test sets before and after discarding the segments with artifacts.

Dataset AF Total AF Filtered SR Total SR Filtered

Training 27,630 26,464 27,823 27,311

Test 11,191 11,167 25,461 14,294

2.5. Feature Extraction

In the HRV analysis [12,56], many signal parameters can be computed using RR
intervals time series. In AF, lengths of RR intervals usually alter more than in SR. For this
study, we calculated the HRV parameters from several groups. The measures reflecting
differences between consecutive RR intervals or RR intervals variance include:

• pRR50 (percentage of successive differences between RR intervals greater or equal
to 50 ms)—it is an example of counting statistics in which the rate of a specific event
(in this case, the difference between two consecutive RR intervals of at least 50 ms)
is counted;

• SD1 (standard deviation of points in the Poincare plot across the identity line)—it
reflects the short-term RR variability from the Poincare plot;

• SD2 (standard deviation of points in the Poincare plot along the identity line)—it
shows the long-term RR variability from the Poincare plot;

• SDRR (standard deviation of RR intervals)—it reflects the total HRV;
• RRdif = mean(|RRn+1 − RRn|) (mean of absolute differences between successive

RR) − it summarizes the averaged range of differences between two consecutive
RR intervals.

The relative measures of RR-interval-derived difference or variance include:

• CV = SDRR/(mean RR) (coefficient of variance)—it reflects the dispersion of the total
variance around the mean;

• SD2/SD1 [57]—describes how much the long-term variance changes with the short-
term variance. Another interpretation is how much the dispersions of points along
and across the identity line change when compared to another. If SD2/SD1 is over 1,
then the long-term HRV is larger than the short-term HRV, and vice versa;

• relRRdif = RRdif/(mean RR) (relative RRdif)—it shows the average rate of the absolute
differences between successive RR normalized to the mean of all RR intervals.

The measures of relative changes between two consecutive RR intervals:

• meanSuccRat = mean(RRn+1/RRn) (mean ratio of successive RR), the interpreta-
tion of this parameter is as follows: what is the average relative change between
two consecutive RR intervals in a specific ECG segment;

• SDSuccRat = SD (RRn+1/RRn) (standard deviation of ratios of successive RR), the
interpretation of this parameter is as follows: what is the variability of the relative
changes between two consecutive RR intervals in a specific ECG segment.

The absolute descriptors of the RR interval distribution:

• mean RR (mean of RR intervals);
• RRrange = max(RR) − min(RR).

The relative descriptor of the RR interval distribution:

• relRRrange = RRrange/(mean RR) (relative RRrange), the interpretation of this pa-
rameter is as follows: how much the range between the shortest and the longest RR
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interval in a specific ECG segment is larger than the mean of all RR intervals in the
same ECG segment.

Some of these parameters (mean RR, SDRR, SD1, SD2, and pRR50) are widely used
in the HRV analysis of long-term ECG recordings, mainly for predictive purposes [12,58].
In [59], several of these parameters (mean RR, SDRR, SD1, SD2, pRR50, CV) were listed
among typical HRV features for AF detection. The computation of these parameters is
straightforward and thus potentially suitable for mobile devices. In the remaining part of
the paper, we refer to analyzed ECG signal segments as samples and to the HRV parameters
representing them as features. Such terminology is common in ML and might help avoid
confusion between the metaparameters of classifiers and HRV parameters.

2.6. Feature Selection

Feature selection was conducted solely on the training set. One approach is select-
ing the features with the highest area under the receiver operating characteristic (ROC)
curve (AUC). The AUCs of specific features are presented in Figure 1. pRR50 has the
highest AUC, followed by relRRdif, RRdif, CV and relRRrange. However, selecting feature
sets based only on AUC is not well suited when the features are correlated and carry
redundant information.

 

Figure 1. Area under receiver operating characteristic curve (AUC) of heart rate variability features.
pRR50—percentage of successive differences between RR intervals greater or equal to 50 ms; SD1 and
SD2—standard deviation of points in the Poincare plot across and along the identity line, respectively;
SDRR—standard deviation of RR intervals; RRdif—mean of absolute differences between successive
RR; CV—coefficient of variance; relRRdif = RRdif/(mean RR); mean RR—mean of RR intervals;
RRrange = max(RR) − min(RR); relRRrange = RRrange/(mean RR) (relative RRrange).

For this reason, we decided to use the MRMR algorithm to select the best feature sets
for AF detection for ML algorithms. It is a filter-based feature selection algorithm [60],
which orders the most relevant features providing minimal redundancy between sub-
sequent features simultaneously. MRMR scores obtained for 60 s ECG recordings are
presented in Figure 2.
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Figure 2. Ranking of heart rate variability features by minimum redundancy maximum relevance
(MRMR) algorithm. pRR50—percentage of successive differences between RR intervals greater or
equal to 50 ms; SD1 and SD2—standard deviation of points in the Poincare plot across and along
the identity line, respectively; mean RR—mean of RR intervals; SDRR—standard deviation of RR
intervals; RRdif—mean of absolute differences between successive RR; CV—coefficient of variance;
relRRdif = RRdif/(mean RR); meanSuccRat—mean ratio of successive RR; SDSuccRat—standard
deviation of ratios of successive RR; RRrange = max(RR) − min(RR); relRRrange = RRrange/(mean
RR) (relative RRrange).

The results show that the highest MRMR scores are obtained subsequently for pRR50,
SD2/SD1, and CV, followed by mean RR, relRRdif, and relRRrange. Using these results,
we examined the performance of different ML classifiers for different numbers of the best
features determined by the MRMR algorithm.

To conclude, the relevance of particular HRV parameters in distinguishing between
AF and SR (based on the results from MRMR) is not strictly related to their AUC. The
distributions of features in the training set in AF and SR are presented as histograms in
Figure 3. In general, histograms of the features for AF and SR have a smaller overlap in
features with higher AUC (see Figure 1).

 

Figure 3. Histograms of six heart rate variability parameters with the highest score from minimum
redundancy maximum relevance algorithm (blue—sinus rhythm, SR; orange—atrial fibrillation, AF).
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pRR50—percentage of successive differences between RR intervals greater or equal to 50 ms; SD1
and SD2—standard deviation of points in the Poincare plot across and along the identity line, respec-
tively; CV—coefficient of variance; mean RR—mean of RR intervals; relRRdif—mean of absolute
differences between successive RR divided by mean RR; relRRrange = (max(RR) − min(RR))/(mean
RR) (relative RRrange).

2.7. Classification Algorithms

The following standard classification algorithms were employed and compared in this
study for AF detection:

• Decision Tree (DT),
• K Nearest Neighbors (KNN),
• Support Vector Machine with the linear kernel (SVM linear),
• Support Vector Machine with radial basis function kernel (SVM RBF),
• Ada Boost (ADA),
• Random Forest (RF),
• Artificial Neural Network (ANN).

In DT, a set of conditional statements (nodes) forming a tree are used for classification.
Values of particular features are compared with threshold values in the nodes. During DT’s
training (building), new nodes in the tree are added by choosing the feature that splits the
tree best according to some metric. We used Gini impurity as a metric of split quality [61].

In KNN, classification is made by measuring the distances between a new sample
(whose class is unknown) and all the training samples (with known classes). K samples
with the smallest distances (nearest neighbors) are selected, and the most common class
among them is chosen as the class of the new sample [62].

SVM is a classification algorithm in which a hyperplane is chosen as a decision
boundary separating two classes. Ideally, entire classes should be on opposite sides of the
hyperplane. Moreover, the minimal distance of the training examples from the hyperplane
is maximized by SVM. If the classes are not linearly separable, the problem can be mapped
to a higher dimension using a transform (kernel), such as Radial Basis Function (RBF) [63].

ADA is an ensemble learning method where classification is based on decisions from
multiple simple classifiers. Training of the classifiers is sequential. For each classifier, the
training set is modified by adjusting the weights of particular examples. The weight is
increased if the example was incorrectly classified by the previous classifier and decreased
otherwise. The final classification decision is a weighted majority vote of all classifiers [64].

RF is another ensemble learning method. Classifications from multiple decision trees
are used as votes, and the most commonly voted class is used as the final classification
decision. Each of the trees in the forest is built using a different subset of the training
dataset [65].

ANN is a vast class of algorithms based on applying an artificial neural network
concept that is also used in classification problems. We used the simplest feedforward
ANN with one hidden layer and ReLU (rectified linear unit) activation function.

3. Results

The methodology of classifier training in the study is presented in Figure 4. First,
MRMR was used for feature selection (on the training set).

Then, sets of one to six features with the highest MRMR scores were used for the
metaparameter tuning of the classifiers (in case of DT—the maximum depth of the tree,
in KNN—the number of neighbors K, in SVM with linear kernel—the soft margin C, in
SVM with RBF kernel—both the soft margin C and inverse of kernel’s width gamma, in
RF—the maximum depth and number of classifiers, in ADA—the number of classifiers, in
ANN—the number of hidden neurons). The 5-fold cross-validation on the training set was
used to find the best metaparameters of the classifiers. The metaparameters for which the
highest average accuracy in the 5-fold cross-validation was achieved were chosen as the
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best for each feature set. Then, the classifiers with optimal metaparameters were trained
on the training set, and their performance was validated on the test set. The results were
then compared with the results obtained for the 5-fold cross-validation. We calculated the
accuracy, sensitivity, specificity, positive predictive value (PPV), and diagnostic odds ratio
(DOR) [66] of the classification. We decided to include DOR as a useful single metric in
diagnostic testing. DOR is rarely reported in the literature on AF detection, with exceptions
like [40].

 

Figure 4. Diagram of training and validation methodology. MRMR—minimum redundancy maxi-
mum relevance.

3.1. Feature Sets with pRR50

The classification metrics (accuracy, sensitivity, specificity, positive predictive value,
and diagnostic odds ratio—DOR [66]) obtained by the ML classifiers in the 5-fold cross-
validation and blindfold validation are presented in Figures 4–8. For each classifier, one
to six features with the highest MRMR scores were used for training, as summarized
in Table 3.

 

Figure 5. Accuracy of AF detection for different classifiers with sets of one to six features (orange
points—blindfold validation, blue points—5-fold cross-validation). DT—decision tree, KNN—K
nearest neighbors, SVM linear—support vector machine with linear kernel, SVM RBF—support vector
machine with radial basis function kernel, ADA—Ada Boost, RF—random forest, ANN—artificial
neural network.
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Figure 6. Sensitivity of atrial fibrillation detection for different classifiers with sets of one to six
features (orange points—blindfold validation, blue points—5-fold cross-validation). DT—decision
tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear kernel, SVM
RBF—support vector machine with radial basis function kernel, ADA—Ada Boost, RF—random
forest, ANN—artificial neural network.

Figure 7. Specificity of AF detection for different classifiers with sets of one to six features (orange
points—blindfold validation, blue points—5-fold cross-validation). DT—decision tree, KNN—K
nearest neighbors, SVM linear—support vector machine with linear kernel, SVM RBF—support vector
machine with radial basis function kernel, ADA—Ada Boost, RF—random forest, ANN—artificial
neural network.

Table 3. Feature sets used for the classification.

No. of Features Feature Set

1 pRR50

2 pRR50, SD2/SD1,

3 pRR50, SD2/SD1, CV

4 pRR50, SD2/SD1, CV, mean RR

5 pRR50, SD2/SD1, CV, mean RR, relRRdif

6 pRR50, SD2/SD1, CV, mean RR, relRRdif,
relRRrange

pRR50—percentage of successive differences between RR intervals greater or equal to 50 ms; SD1 and
SD2—standard deviation of points in the Poincare plot across and along the identity line, respectively;
CV—coefficient of variance; mean RR—mean of RR intervals; relRRdif—mean of absolute differences between
successive RR divided by mean RR; relRRrange = max(RR) − min(RR)/(mean RR) (relative RRrange).
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Figure 8. Positive predictive value (PPV) of AF detection for different classifiers with sets of one to six
features (orange points—blindfold validation, blue points—5-fold cross-validation). DT—decision
tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear kernel, SVM
RBF—support vector machine with radial basis function kernel, ADA—Ada Boost, RF—random
forest, ANN—artificial neural network.

Figure 5 presents the accuracy obtained in our experiments. The orange points in the
figure relate to the blindfold validation on the test set and the blue points to the 5-fold
cross-validation. The same convention of presenting the results has been applied to other
classification metrics in Figures 6–9. Average values and standard deviations of accuracy are
shown in Table 4. Standard deviations are small (below 0.5 pp), which is why similar tables
are not included further in this paper for other classification metrics. Figure 4 indicates
that for most ML classifiers, the increase in the number of features improves the accuracy
of AF detection in both cases: for the cross-validation and the blindfold validation. In all
classifiers, except for SVM linear and ADA, accuracy in blindfold validation drops below
the 5-fold CV level for four-six features. The obtained results are better for DT, KNN, RF,
SVM RBF, and ANN than for SVM linear and ADA. SVM RBF with five features achieved
the highest accuracy in the blindfold validation (97.2%). The results suggest that using the
simpler classification algorithms as DT and KNN can provide comparable or slightly worse
accuracy and other performance metrics (see Figures 6–9) than the relatively more complex
algorithms such as SVM RBF, RF, or ANN.

 
Figure 9. The diagnostic odds ratio (DOR) of AF detection for different classifiers with sets of one to
six features (orange points—blindfold validation, blue points—5-fold cross-validation). DT—decision
tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear kernel, SVM
RBF—support vector machine with radial basis function kernel, ADA—Ada Boost, RF—random
forest, ANN—artificial neural network.
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Table 4. Average values and standard deviations of accuracy in 5-fold cross-validation in 60 s
recordings (in percentages).

Classifier

Features
1 2 3 4 5 6

DT 92.29 (0.27) 94.06 (0.27) 95.15 (0.15) 96.65 (0.13) 96.84 (0.10) 97.16 (0.09)

KNN 92.00 (0.38) 94.20 (0.32) 95.32 (0.19) 97.18 (0.13) 97.53 (0.14) 97.90 (0.12)

SVM linear 91.91 (0.35) 91.93 (0.34) 91.92 (0.31) 95.00 (0.16) 95.04 (0.16) 95.08 (0.16)

SVM RBF 91.99 (0.34) 94.26 (0.31) 95.45 (0.11) 97.25 (0.07) 97.87 (0.13) 98.06 (0.10)

ADA 92.01 (0.35) 93.28 (0.40) 93.18 (0.37) 95.21 (0.23) 95.24 (0.26) 95.19 (0.23)

RF 92.40 (0.32) 94.26 (0.26) 95.42 (0.13) 97.24 (0.15) 97.57 (0.09) 97.88 (0.13)

ANN 91.89 (0.30) 94.32 (0.36) 95.20 (0.11) 96.79 (0.21) 97.16 (0.29) 97.48 (0.23)

DT—decision tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear kernel,
SVM RBF—support vector machine with radial basis function kernel, ADA—Ada Boost, RF—random forest,
ANN—artificial neural network.

Figure 6 shows the sensitivity for the particular classifiers obtained in the same ex-
periments as the accuracy in Figure 5. The achieved sensitivity values are similar for all
classifiers. In the 5-fold cross-validation, the increase in the number of features improves
sensitivity, but most classifiers reach the maximum for three features in the blindfold vali-
dation. Similarly, as in the case of accuracy, the obtained sensitivities are often greater for
the blindfold validation than for cross-validation. SVM linear with one feature achieved
the highest sensitivity in the blindfold validation (98.8%).

In Figure 7, the specificity of the particular classifiers is presented. Interestingly, in
many cases, the specificity is higher in the blindfold validation than in the 5-fold cross-
validation. Increasing the number of features generally improves the results. SVM RBF
achieved the highest specificity in the blindfold validation with five features (97.2%).

Figure 8 shows the positive predictive value (PPV) obtained for the particular clas-
sifiers. In the 5-fold cross-validation and blindfold validation, increasing the number of
features increases PPV in most classifiers. SVM RBF achieved the highest PPV in the
blindfold validation with five features (96.4%).

Figure 9 shows the diagnostic odds ratio obtained for the particular classifiers. We
can observe how the odds of AF detection grow with the increased number of features for
different classifiers. ANN with three features achieved the highest DOR in the blindfold
validation (1566). Similarly to accuracy, DOR in blindfold validation is higher than in
5-fold CV for 1–3 features and lower for 4–6 features in all classifiers, except for SVM linear
and ADA.

3.2. Feature Sets without pRR50

In the next series of experiments, we repeated the feature selection process after
excluding pRR50 from the analyzed features to verify how much diagnostic information
was derived from pRR50, the highest scored parameter in MRMR. To provide the best
comparable conditions, we repeated the MRMR analysis without pRR50, and the obtained
MRMR scores are presented in Figure 10.

198



J. Clin. Med. 2022, 11, 4004

 

Figure 10. Ranking of heart rate variability features by minimum redundancy maximum relevance
(MRMR) algorithm after excluding percentage of successive differences between RR intervals greater
or equal to 50 ms (pRR50). SD1 and SD2—standard deviation of points in the Poincare plot across and
along the identity line, respectively; mean RR—mean of RR intervals; SDRR—standard deviation of
RR intervals; RRdif—mean of absolute differences between successive RR; CV—coefficient of variance;
relRRdif = RRdif/(mean RR); meanSuccRat—mean ratio of successive RR; SDSuccRat—standard
deviation of ratios of successive RR; RRrange = max(RR) − min(RR); relRRrange = RRrange/(mean
RR) (relative RRrange).

The metaparameter tuning in the 5-fold cross-validation was repeated for new feature
sets. The tuned classifiers were then trained and blindfold-validated. The accuracy obtained
in this case is presented in Figure 11. Comparing Figure 11 with Figure 5, one can see the
impact of the pRR50 parameter in AF detection procedures. SVM RBF achieved the highest
accuracy in blindfold validation with five features (95.4%).

 
Figure 11. Accuracy of atrial fibrillation detection for different classifiers with sets of one to six
features without pRR50 (orange points—blindfold validation, blue points—5-fold cross-validation).
DT—decision tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear
kernel, SVM RBF—support vector machine with radial basis function kernel, ADA—Ada Boost,
RF—random forest, ANN—artificial neural network.

The diagnostic odds ratios obtained for different classifiers and different sets of features
are presented in Figure 12. The obtained DORs are notably lower than when the pRR50

199



J. Clin. Med. 2022, 11, 4004

was included (see Figure 9). Without pRR50, the highest DOR in the blindfold validation
was achieved by ANN with six features (585).

 

Figure 12. Diagnostic odds ratio (DOR) of atrial fibrillation detection for different classifiers with
sets of one to six features (orange points—blindfold validation, blue points—5-fold cross-validation).
DT—decision tree, KNN—K nearest neighbors, SVM linear—support vector machine with linear
kernel, SVM RBF—support vector machine with radial basis function kernel, ADA—Ada Boost,
RF—random forest, ANN—artificial neural network.

4. Discussion

Our findings demonstrate several things about discerning AF from SR using HRV
parameters, selecting features for ML models, and different ML algorithms. The diagnostic
properties of the applied ML algorithms are sensitive to the method used for choosing HRV
parameters and the set of parameters entering the selection process. Feature selection based
on AUC and MRMR gives different results. One might also see SR and AF histograms of
various HRV parameters (Figure 3). Such a visual comparison shows which parameters
may separate SR from AF. It is worth noting that for some features, such as mean RR and
SD2/SD1, the distributions in AF and SR are not well separated, so these features are not
good sole predictors of AF, but they bring additional information valuable in the presence
of other features. Of the top six HRV features selected by MRMR, only four (66.7%) were in
the top six with the highest AUC. In both methods, however, pRR50 was the number one
HRV feature.

Furthermore, the analyzed HRV parameters describe distinguishing features of RR
interval time series based on the absolute or relative differences between consecutive
RR intervals, their ratios, and distributions. Interestingly, the most complex six-element
MRMR-derived set mostly included the relative HRV parameters except for the mean RR.

In all six MRMR-selected feature sets, pRR50 was included. When pRR50 was ex-
cluded from the MRMR analysis, the order of selected parameters differed notably (see
Figures 3 and 10). ML algorithms always performed better with pRR50 than without pRR50,
regardless of the number of features between 1 and 6 (as measured by blindfold validation
DOR—see Figures 9 and 12). For example, in SVM RBF with six features, the DOR was
around 1200 when pRR50 was used and around 500 without pRR50.

We showed (Figure 2) which HRV parameters (features) contribute to the maximal
diagnostic value, simultaneously providing minimal redundancy between subsequent
features in AF detection. The 5-fold cross-validation (blue points in Figures 5–9, 11 and 12)
confirmed the gradual growth of the statistical measures of AF detection with the increase
in the number of the best HRV parameters chosen by the MRMR algorithm. Adding the
subsequent sixth feature no longer causes a noticeable increase in the statistical measures,
and in the case of some measures, even a very slight decrease. The blindfold validation
results (orange points in Figures 5–9, 11 and 12) behave similarly for most algorithms. By

200



J. Clin. Med. 2022, 11, 4004

increasing the number of features, especially from one to four, accuracy and sensitivity
improved. Nevertheless, the blindfold validation results do not differ considerably from
the results obtained through the 5-fold cross-validation, especially for the best algorithms.

Moreover, slightly worse results in accuracy for the blindfold validation are typical
in many classification problems. The differences between the 5-fold cross-validation and
blindfold validation are noticeably significant, but not in all cases; using a separate dataset
for validation results in worse performance. SVM RBF achieved the highest accuracy in
blindfold validation with five features (97.2%). On the other hand, ANN achieved the
highest DOR in blindfold validation with three features (1566). However, it is worth noting
that comparatively good results were also achieved with relatively computationally simple
classifiers such as KNN or even DT, while the worst results were obtained for SVM linear
and ADA.

Notably, the performance of the considered ML algorithms for AF detection is signifi-
cantly higher when the feature set includes pRR50. Even if only pRR50 is used, very good
diagnostic results are obtained (accuracy between 93.4 and 93.9%). In comparison, similar
accuracy without pRR50 is achieved for at least four features (87.3–95.4%). Moreover,
performance in blindfold validation is noticeably worse than in 5-fold cross-validation,
which was not always the case when pRR50 was used.

The use of a specific length of the ECG, i.e., 60 s, limits to some extent our conclusions
only to the ECG recordings or AF episodes of such a length. Our preliminary results
(data not shown) with other lengths do not change the overall conclusions. Nevertheless,
the impact of ECG length on the statistical measures of AF detection performance using
HRV parameters selected by means of the MRMR algorithm requires further detailed
investigations. It should also be noted that the goal of our research was not to study
various feature selection algorithms and determine the best one which is a very general
and complex task.

The MRMR algorithm proved useful and valuable in selecting HRV parameters with
the potential to distinguish AF from SR in the 60 s ECGs. Three HRV parameters, i.e.,
pRR50, SD2/SD1, and CV, were ranked highest by MRMR for ML-based AF detection
and pRR50 appears to outperform other HRV parameters for this task. It has the highest
AUC, and the feature sets containing it achieve higher accuracies than those without it (see
Figures 5 and 11).

The proposed methods and results presented in the paper might contribute to devel-
oping practical AF detection solutions in miniature wearable, bio-patches, implantable
devices, and hand-held single- or multi-lead ECG devices [3,67–70].

It should be, however, kept in mind that the newer modes of ECG acquisition have
their technical limitations, which may impact the quality of the recorded ECG signal and
its noise level. If ECG quality declines, then the noise level increases, and there are a
couple of reasons for it. Even if silver/silver chloride (Ag/AgCl) hydrogel electrodes
are attached to a patient, there is always sweating and skin cell necrosis—this problem is
particularly important in very long ECGs lasting for several consecutive days. Different
materials are used to produce ECG electrodes. Metal ECG electrodes are a part of hand-held
devices or smart-watches. Textile, polymer graphene, or rubber electrodes are used in
the bio-patches, chest straps, or ECG vests. However, the ECG signal is usually not as
good as the specialized Ag/AgCl electrodes [68,71–76]. Finally, electrical skin properties,
including skin-electrode impedance, differ between patients; it changes with age, amount of
subcutaneous adipose tissue or fluid accumulation, or the presence of some diseases [68,72].

For an ECG recorded with good quality, HRV parameters combined with ML methods
are valuable for their potential clinical use. The number of devices dedicated to long-
term ECG monitoring increases as they are vital in transient AF detection [3,68–70]. In
these solutions, computational and energy efficiency are of crucial importance. There-
fore, using straightforward ML classifiers and a small set of adequately selected simple
HRV parameters is advisable. Having the results presented in the paper, we can con-
sciously, i.e., based on the quantitative numerical results, choose both the ML algorithm
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and the extremely small sets of simple HRV features needed to achieve the assumed AF
detection performance.

Recent studies have shown that advanced computational methods such as artificial
intelligence may predict AF using the 12-lead and even a single-lead ECG acquired in
patients with sinus rhythm [77–79]. The possibility of foreseeing the disease dramatically
changes our perspective and clinical potential. Zachi et al. have proposed that with the
artificial intelligence tools and modeling applied to proper data, it is possible to select
previvors, i.e., individuals who are still healthy but have a substantial risk of developing a
disease in the future [77]. Using artificial intelligence and structural analysis of resting ECG,
it is possible to identify previvors of AF and start preventive actions before this arrhythmia
and its complications occur. It might save lives, reduces morbidity, and probably the cost
of AF management.

Very recently, Sagnard A. et al. [5] have shown that HRV analysis (mainly reduced
LF/HF and increased pNN50 and RMSSD) predicted the new-onset in-hospital AF in over
2000 survivors of acute myocardial infarction. Their study suggests that HRV features
also identify previvors of AF. However, it is unknown whether the employment of ML or
artificial intelligence algorithms to an ECG in patients without AF would translate into the
prediction of AF and identification of its previvors.

If HRV parameters and ML techniques can be implemented for diagnostic purposes
in mobile e-health technologies, then why not use them to predict AF before it even
happens? We are convinced that it is possible and that studying such a concept deserves
future investigations.

The current clinical use of HRV deserves a short comment. For many years, HRV
has been demonstrated to predict total or various forms of mortality, mainly in survivors
of myocardial infarction and heart failure patients [12,14,80–82]. However, the constant
progress in the healthcare and management of patients after myocardial infarction and
heart failure has substantially reduced mortality and improved the long-term prognosis.
Nowadays, more patients receive quick myocardial reperfusion and modern pharmacologi-
cal treatment. These are just some of the many reasons why HRV is no longer recommended
for the mortality risk stratification in cardiac patients. Nevertheless, both patients who
suffer from heart attacks and those with heart failure are at risk of future developing AF. If
HRV helped identify AF previvors, i.e., people at risk of the new onset of this arrhythmia,
it would translate into a great return of this method to clinical practice.

5. Conclusions

HRV parameters combined with ML techniques differentiate ECGs with AF from
those in SR. However, methods used for choosing HRV features may impact the outcome
of the ML algorithm. Using straightforward ML classifiers and the extremely small sets of
simple HRV features, regardless of the features selection methods used (AUC or MRMR),
pRR50 has consistently been selected at the top HRV parameter differentiating AF from
SR in ECGs of 60 s duration. The proposed methodology and the presented results of the
selection of HRV parameters have the potential to develop practical solutions and devices
for automatic AF detection with minimal sets of simple HRV parameters.
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Abstract: Brugada syndrome (BrS) is classified as an inherited cardiac channelopathy attributed to
dysfunctional ion channels and/or associated proteins in cardiomyocytes rather than to structural
heart alterations. However, hearts of some BrS patients exhibit slight histologic abnormalities,
suggesting that BrS could be a phenotypic variant of arrhythmogenic cardiomyopathy. We performed
a systematic review of the literature following Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Statement (PRISMA) criteria. Our comprehensive analysis of structural findings did
not reveal enough definitive evidence for reclassification of BrS as a cardiomyopathy. The collection
and comprehensive analysis of new cases with a definitive BrS diagnosis are needed to clarify whether
some of these structural features may have key roles in the pathophysiological pathways associated
with malignant arrhythmogenic episodes.

Keywords: sudden cardiac death; Brugada syndrome; histopathology; forensic pathology;
endomyocardial biopsy
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1. Introduction

Brugada syndrome (BrS) is an inherited cardiac syndrome associated with the in-
creased risk of ventricular tachycardia, ventricular fibrillation (VF), and sudden cardiac
death (SCD) in a structurally normal heart. On an electrocardiogram (ECG), the diagnosis
of BrS is based on “ST-segment elevation with type 1 morphology ≥2 mm in one or more leads
among the right precordial leads V1 and/or V2 positioned in the second, third, or fourth intercostal
space, occurring either spontaneously or after provocative drug test with intravenous administration
of sodium channel blockers” [1]. The type 1 ECG pattern described above is the only one
diagnostic of BrS, whereas other repolarization patterns (type 2 and type 3) found in more
than one right precordial lead should be considered suggestive of the disease and require
further confirmatory investigations. Other known causes of ST-segment elevation in the
right precordial leads (phenocopies) must be excluded. BrS is traditionally classified as
an inherited cardiac channelopathy because it is associated with ion channel dysfunction
or the altered expression/function of proteins associated with ion channels in ventricular
cardiomyocytes. It is characterized by incomplete penetrance and variable expressivity. A
comprehensive genetic test can identify ~35% of diagnosed BrS patients and covers more
than 20 potential genes encoding mainly ion channel components and associated proteins
but also structural proteins. The sodium channel protein type 5 subunit alpha (SCN5A)
gene, in particular, shows deleterious alterations in 30% of diagnosed patients. As the
pathophysiological mechanism and functional effects of variants in other genes is still to be
clarified, current guidelines recommend genetic analysis of SCN5A alone in patients with a
BrS ECG [2–4].

BrS was first reported in 1992 and was classified as purely of electrical origin; since
then, structural cardiac abnormalities have been identified in hearts of some patients with
BrS [5–8]. For instance, right ventricular (RV) enlargement, reduced RV function, larger RV
end-diastolic and end-systolic volumes, and left ventricular (LV) midfall late gadolinium
enhancement (LGE) are apparent by cardiovascular magnetic resonance (CMR) imaging.
LGE may be an early marker of an underlying cardiomyopathy in patients who do not
fulfill all the current BrS diagnostic criteria [9,10]. BrS and arrhythmogenic cardiomyopathy
(ACM) frequently show overlapping clinical and histopathological features and represent a
highly challenging differential diagnosis, thus, leading to a high risk of misdiagnosis when
ill-defined features are found [11–13]. Commonalities in clinical/histopathologic features
and pathophysiological pathways (disorders of the connexome) between BrS and ACM
prompted a hypothesis that BrS could be a phenotypic variant of ACM [14–18]; however,
this hypothesis remains to be thoroughly tested.

In this review, given these findings and the commonalities between BrS and heart
diseases of structural origin, such as ACM, we sought to evaluate if the pathological
classification of BrS as a pure channelopathy remains appropriate. To achieve this, we
performed a comprehensive review of the topic focusing on the reported macroscopic
and microscopic structural alterations in BrS, observed in explanted hearts, autopsies, and
endomyocardial biopsies.

2. Material and Methods

We performed a systematic literature search according to the current Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses Statement (PRISMA) criteria
(Figure 1). We searched PubMed and Scopus databases for papers published between 1
January 1997 (note that the first paper on the genetic basis of BrS was published at the
end of 1996) and 25 December 2021. We used a search string (restricted to the terms in the
paper titles and abstracts) in which, using the Boolean operator “AND”, we combined the
term “Brugada Syndrome” with the terms “fibrosis or scar or myocardial inflammation or
structural heart disease or structural anomalies or structural abnormalities or histological
anomalies or histological abnormalities or histological substrate or biopsies or fatty infil-
tration or ACM or ARVD or ARVC”. We developed and applied one search strategy for
each database. Two authors independently performed a preliminary search and retrieved
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and selected articles that fulfilled the inclusion criteria: research studies written in English
that evaluated a possible correlation between BrS and certain structural cardiac alterations
(macroscopic/microscopic) and/or cardiomyopathies.

 
Figure 1. PRISMA flow diagram followed in this review.

Our preliminary research identified 772 papers, 348 through PubMed and 424 through
Scopus. After the removal of 311 duplicates, 356 papers were excluded as they did not
meet the inclusion criteria based on the title and abstract analyses. Of the 105 articles
remaining, 4 were excluded due to the unavailability of the full text. Hence, a total of
101 papers were assessed for eligibility. Full texts of reviews, case reports, experimental
studies in animal models, conference articles, articles that did not focus on structural
cardiac abnormalities in BrS, and articles that were not published in English were removed
from the pool of eligible papers. Following the exclusion of all articles that did not meet
our inclusion criteria, 12 eligible publications were included in our analysis and were
critically reviewed by three investigators who extracted data relevant to the purpose of
the present study. Selected studies are presented in two different paragraphs depending
on the kinds of samples that were processed for histological analysis (samples collected
from explanted heart or during autopsies versus endomyocardial biopsy samples). All
authors agreed on the final data included in our study. Eligible papers were synthetized in
a table, considering these variables: number of the reference, number of the cases and of the
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controls, kind of samples (endomyocardial biopsy vs explanted heart/autopsy samples),
technique used for microscopic analysis, main microscopic findings, and whether genetic
testing was performed.

3. Results

3.1. Explanted Heart/Autopsy Samples

Two relevant case reports and two relevant case-series studies were identified. Assess-
ment of formalin-fixed paraffin-embedded explanted heart tissue from a young individual
with BrS and a clinical history of recurring VF [19], revealed moderate hypertrophy of the
right ventricular wall (12 mm) and focal endocardial fibroelastosis. Moreover, in the RV (in
the lateral wall and, especially, in the right ventricular outflow tract [RVOT]), significant
fatty infiltration that reached the subendocardium was evident and was associated with
interstitial fibrosis. The report excluded ACM because there was no evidence of transmural
fatty infiltration, myocyte alterations, or inflammatory infiltrates (Table 1).

Table 1. Summary of the literature review regarding explanted hearts/autopsy samples.

Reference Cases Controls Samples
Technique for

Microscopy
Main Findings

Genetic
Testing

Coronel [19] 1 0 Explanted heart Hematoxylin-eosin
and picrosirius red

Hypertrophy of the right
ventricular wall,
focal endocardial

fibroelastosis,
fatty infiltration,

interstitial fibrosis

Yes

Moritomo
[20] 1 0 Autopsy

samples

Hematoxylin-eosin,
Masson’s trichrome
and Azan Mallory

Reduction number of node
cells and increased fatty
tissue and fibrosis in the

sinus node

No

Nademanee
[21] 6 6 Autopsy

samples

Hematoxylin-eosin
and elastic Van

Gieson and
connexin-43 im-

munofluorescent

An increased collagen and
fibrosis, (RVOT), reduction

in connexin-43
signal

Yes

Miles [22] 28 29 Autopsy
samples

Hematoxylin-eosin
and picrosirius red

Increased collagen content in
both ventricles, especially in

RVOT
epicardium

Yes

An autopsy of a 30-year-old victim of BrS [20] revealed biventricular contraction band
necrosis and significant fatty tissue deposition in the RVOT. There were fewer cells of the
sinus node, which was surrounded by fatty tissue and prominent fibrosis. Additionally,
in two autopsy populations, including six autopsy-negative sudden deaths cases with (at
least) a first-degree blood relative affected by BrS and six cases of non-cardiac deaths (as
controls), individuals with BrS showed an increased amount of collagen [21]. The RVOT
and epicardium demonstrated the greatest amount of fibrosis, and reduced expression of
connexin-43 was observed in the RVOT. All hearts exhibited fibrosis, independent of the
presence of SCN5A pathogenic variants. Together, these data suggested that in BrS, at the
epicardial surface, interstitial fibrosis and reduced gap junction expression in the RVOT
could lead to electrical anomalies. In further support of this finding, in 28 hearts from
SCD cases with a non-confirmed diagnosis of BrS, the ventricular myocardium exhibited a
higher proportion of collagen, irrespective of sampling location or myocardial layer (the
highest proportion was found in the RVOT epicardium in individuals with suspected BrS)
(Table 1) [22]. There was no statistically significant association reported between SCN5A
genotype and histotype.
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3.2. Endomyocardial Biopsies

Two relevant case reports and six relevant case-series studies were identified. Ex-
planted heart and autopsy samples showed the presence of fibrosis and collagen deposition
and reduced expression of connexin-43, together potentially leading to electrical anomalies
associated with BrS; however, endomyocardial biopsies exhibited inflammation and fatty
infiltration (hallmarks of ACM). For example, a relationship between BrS and ACM was
suggested, due to the observation of the fatty replacement of myocardium in a biopsy
sample of an RV septum from a 73-old-year man with a history of syncopal episodes and
precordial oppression, who was then diagnosed with BrS (Table 2) [23]. After identification
of this possible association, biopsies in the septal-apical region of the LV and RV of 18 pa-
tients with BrS were performed [24]. From these samples, lymphocytic myocarditis (mainly
activated T lymphocytes) associated with focal areas of myocyte necrosis in 14 cases was
identified (myocarditis was biventricular in 6 cases, while in 8 cases inflammatory infiltrates
were exclusively in the RV). Additionally, 4 cases showed evidence of viral genomes. The
remaining 4 cases carried rare SCN5A variants, which are potentially associated with BrS
(but not with a conclusive role) and presented abnormal levels of myocyte apoptosis. These
data suggest a potential link between inflammation and BrS. Among biopsies collected
from the RVOT areas of abnormal voltage identified under 3-dimensional electroanatomic
mapping (3D-EAM) guidance from 30 BrS cases [25], 12 cases demonstrated myocardial
inflammation with lymphomononuclear infiltrates, while 3 demonstrated an association
between inflammatory infiltrates and myocyte necrosis (indicating an active myocarditis).
All cases with abnormal structural findings also had interstitial and replacement fibrosis,
as well as a statistically significant association between inflammation and inducibility with
programmed ventricular stimulation (PVS)/extent of bipolar low voltage areas [25]. No
statistically significant association between genotype and clinical/microscopic phenotype
was reported. In stained myocardial samples obtained from one young case of SCD and
from nine BrS patients, the expression of three proteins (α-cardiac actin, keratin-24, and
connexin-43) and a sodium channel was assessed [26]. All cases exhibited abnormal aggre-
gates of the three proteins and sodium channel within the sarcoplasm of the myocardium
compared to healthy controls, suggesting that trafficking defects may be implicated in
the pathogenesis of BrS. These findings were associated with the presence of antibodies
against α-cardiac actin, α-skeletal actin, keratin, and connexin-43 in the sera of BrS patients,
suggesting an autoimmune response. The authors stressed the relevance of connexin-43
anomalies, highlighting that in animal models, this protein is less abundant in the RVOT
epicardium (Table 2).

Table 2. Summary of the literature review regarding biopsies.

Reference Cases Controls Samples
Technique for

Microscopy
Main Findings

Genetic
Testing

Izumi [23] 1 0 Biopsy Hematoxylin-eosin Fatty replacement
of myocardium No

Frustaci [24] 18 0 Biopsies

Hematoxylin-eosin,
Miller’s elastic Van

Gieson, and
Masson’s trichrome

Lymphocytic myocarditis with
focal areas of myocytes necrosis,

hypertrophy, and diffuse
vacuolization of cardiomyocytes

with cytoplasm
degeneration

Yes

Zumhagen [27] 21 12 Biopsies
Hematoxylin-eosin
and Miller’s elastic

Van Gieson

Moderate hypertrophy and fatty
replacement of the myocardium,

moderate fibrosis
Yes

Marras [28] 1 0 Biopsy Masson’s trichrome
Fibro-fatty replacement and

mild endocardial fibrous
thickening

No
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Table 2. Cont.

Reference Cases Controls Samples
Technique for

Microscopy
Main Findings

Genetic
Testing

Ohkubo [29] 25 0 Biopsies Hematoxylin-eosin

Moderate-to-severe fatty
infiltration/myocyte

degeneration, arrangement
disorder, interstitial fibrosis, and

lymphocyte
infiltration

No

Tanaka [30] 68 0 Biopsies

Hematoxylin-eosin,
Masson’s trichrome,
and immunohisto-

chemical CD45, CD68,
4-hydroxy-2-nonenal-

modified
protein

Large
4-hydroxy-2-nonenal-modified
protein areas in those without

SCN5A mutation and with
history of

ventricular
fibrillation

Yes

Pieroni [25] 30 0 Biopsies

Hematoxylin-eosin,
Masson’s trichrome,
and immunohisto-

chemistry
anti-CD45RO

Myocardial inflammation with
lymphomononuclear

infiltrates
Yes

Chatterejee [26] 9 1 Biopsies Immunohistochemistry

Abnormal myocardial
expression of

alfa-cardiac actin,
alfa-skeletal actin, keratin-24,

connexin-43, Nav1.5

Yes

Fat deposition and oxidative stress may also trigger fibrosis and structural abnor-
malities that could potentially be associated with BrS. Endomyocardial biopsies from the
septum (86%) and/or the RV/RVOT (76%) and/or the RV apex (57%) of 21 patients with
a clinical BrS diagnosis showed no signs of acute inflammation [27]. However, approx-
imately 50% of cases exhibited moderate cellular hypertrophy and fatty replacement of
the myocardium, and less than one-fourth of cases had moderate fibrosis. In 4 patients in
which there was predominant fatty replacement, criteria for ACM were not definitively
met. Histotype and genotype were not correlated. The authors considered it unlikely that
the reported findings could represent an arrhythmogenic origin. Biopsies at the junction
between the septum and anterior RV free wall of a 65-year-old man with BrS demonstrated
areas of fibro-fatty replacement covering 66% of the biopsy area [28]. The histomorpho-
metric criteria for diagnosis of ACM were not definitively met. Additionally, biopsies
on the upper septal region of the RV of 25 patients with a clinical diagnosis of BrS and
inducible VF [29] showed moderate-to-severe fatty infiltration in 5 patients and showed
myocyte degeneration (apoptotic zone), fibrosis, and lymphocyte infiltration in 4 patients.
There was no detected correlation between clinical/electrophysiological phenotype and
histotype, but a relationship between histological anomalies and slow conduction at the
RVOT is possible. In patients with a documented history of VF, the 4-hydroxy-2-nonenal
(HNE)-modified protein-positive area (a marker of lipid peroxidation and indicator of
oxidative stress levels) was larger in endomyocardial biopsies from the RV side of the
septum of 68 patients with a clinical diagnosis of BrS [30]. This finding was especially true
if only patients without SCN5A variants were considered. Therefore, in individuals who do
not carry SCN5A variants, oxidative stress could be involved in arrhythmogenesis, likely
inactivating cardiac Na+ channels (Table 2).

3.3. Genetics

All manuscripts focused on structural alterations in BrS included a total of 209 cases.
Genetic testing was performed in 161, and 36 cases carried a rare variant in the SCN5A gene
(22.36%). This percentage is according to the widely accepted genetic yield in BrS [31], with
SCN5A being the main gene currently associated with this arrhythmogenic syndrome [32].
Other minor genes encoding sodium subunits or associated proteins have been proposed
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as potential causes of BrS, but further studies should be conducted to conclude their
definite role [3]. Due to some of the manuscripts being published more than five years
ago, we performed an update following the American College of Medical Genetics and
Genomics (ACMG) recommendations [33], according to our recent approach in the clinical
translation of genetic diagnosis [31,34]. We identified only 16 cases (9.93%) who had
a Likely Pathogenic (LP) or Pathogenic (P) variant explaining the genetic origin of BrS
(Table 3). Most rare variants currently remain as VUS (Variant of Unknown Significance)
due to the lack of enough conclusive data. Other cases diagnosed with BrS but without a
positive SCN5A genetic diagnosis could be due to other genetic alterations in this gene [35]
or in other genes [36]. However, it is also important to remark that only in 57 cases reported
in the three most recent studies [22,25,26], a comprehensive genetic analysis including gene
encoding cardiomyopathies were performed.

Table 3. Genetic data of variants in the SCN5A gene.

Publication Zone Region Nucleotide Protein dbSNP/ClinVar
GnomAD

(MAF)
ACMG

2022
Genes

Analysed

Coronel et al.
2005 [19] C-Terminal Intracellular c.5803G>A p.Gly1935Ser rs199473637/VUS 7/248912

(0.0028%) VUS PKP2, DSP,
RyR2

Zumhagen
et al. 2008 [27] S5 (DII) Pore c.2582_2583del p.Phe861TrpfsTer90 rs794728914/P NA P No

Zumhagen
et al. 2008 [27] Loop DII-DIII Intracellular NA p.Pro1002HisfsTer25 NA NA VUS No

Zumhagen
et al. 2008 [27] Loop DIII-DIV Intracellular c.4477_4479del p.Lys1493del rs869025522/LP 1/151978

(0.0006%) LP No

Zumhagen
et al. 2008 [27] S2 (DIV) Voltage Sensor c.4720G>A p.Glu1574Lys rs199473620/VUS NA VUS No

Zumhagen
et al. 2008 [27] S6 (DIV) Pore c.5290G>T p.Val1764Phe rs199473309/NA NA VUS No

Zumhagen
et al. 2008 [27] C-Terminal Intracellular c.5435C>A p.Ser1812Ter rs371891414/LP NA LP No

Frustaci et al.
2009 [24]

Loop S5-S6
(DI) Extracellular c.1127G>A p.Arg376His rs199473101/LP 2/247596

(0.0008%) LP PKP2, RyR2

Frustaci et al.
2009 [24] Loop DII-DIII Intracellular c.3068G>A p.Arg1023His rs199473592/VUS 70/247778

(0.0283%) LB PKP2, RyR2

Frustaci et al.
2009 [24] S4 (DIV) Voltage Sensor c.4930C>T p.Arg1644Cys rs199473287/P 1/251472

(0.0003%) P PKP2, RyR2

Frustaci et al.
2009 [24] C-Terminal Intracellular c.5903T>G p.Ile1968Ser rs199473639/VUS 4/244136

(0.0016%) VUS PKP2, RyR2

Nademanee
et al. 2015 [21] Loop DI-DII Intracellular c.1582A>T p.Ser528Cys NA NA VUS No

Nademanee
et al. 2015 [21] S5 (DII) Pore c.2537T>G p.Leu846Arg NA NA VUS No

Nademanee
et al. 2015 [21] S6 (DIII) Pore c.4385T>A p.Leu1462Gln NA NA VUS No

Pieroni et al.
2018 [25] S6 (DII) Pore c.2798T>C p.Leu933Pro NA NA VUS 147 genes

(panel)

Pieroni et al.
2018 [25]

Loop (S5-S6)
DIV Extracellular c.5102T>G p.Met1701Arg NA NA VUS 147 genes

(panel)

Pieroni et al.
2018 [25]

Loop S5-S6
(DIII) Extracellular c.4300_4311del p.Tyr1434_Gln1437del NA NA LP 147 genes

(panel)

Pieroni et al.
2018 [25] S2 (DIV) Voltage Sensor c.4720G>A p.Glu1574Lys rs199473620/VUS NA VUS 147 genes

(panel)

Pieroni et al.
2018 [25] S4 (DIV) Voltage Sensor c.4930C>T p.Arg1644Cys rs199473287/P 1/251472

(0.0003%) P 147 genes
(panel)

Pieroni et al.
2018 [25] Loop DII-DIII Intracellular c.3352C>T p.Gln1118Ter rs869025520/P NA P 147 genes

(panel)

Chatterjee
et al. 2020 [26]

Loop S5-S6
(DI) Extracellular c.1007C>T p. Pro336Leu rs199473093/VUS NA LP Gene panel

Chatterjee
et al. 2020 [26] Loop DII-DIII Intracellular c.3352C>T p.Gln1118Ter rs869025520/P NA P Gene panel
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Table 3. Cont.

Publication Zone Region Nucleotide Protein dbSNP/ClinVar
GnomAD

(MAF)
ACMG

2022
Genes

Analysed

Chatterjee
et al. 2020 [26]

Loop S5-S6
(DI) Extracellular c.844C>G p.Arg282Gly rs199473082/VUS NA VUS Gene panel

Chatterjee
et al. 2020 [26] NA NA c.3508+1G>A NA NA NA VUS Gene panel

Chatterjee
et al. 2020 [26] Loop DIII-DIV Intracellular c.4501C>G p.Leu1501Val rs199473266/VUS 5/251446

(0.0019%) VUS Gene panel

Chatterjee
et al. 2020 [26] S6 (DIII) Pore c.4387A>T p.Asn1463Tyr rs199473614/VUS NA VUS Gene panel

Chatterjee
et al. 2020 [26] Loop DIII-DIV Intracellular c.4477_4479del p.Lys1493del rs869025522/LP 1/151978

(0.0006%) LP Gene panel

Chatterjee
et al. 2020 [26]

Loop S5-S6
(DI) Extracellular c.1127G>A p.Arg376His rs199473101/LP 2/247596

(0.0008%) LP Gene panel

Chatterjee
et al. 2020 [26]

Loop S5-S6
(DIV) Extracellular c.5027T>C p.Met1676Thr rs750013499/LP 1/251494

(0.0003%) LP Gene panel

Chatterjee
et al. 2020 [26]

Loop S1-S2
(DIII) Extracellular c.3695G>A p.Arg1232Trp rs199473206/VUS 6/250110

(0.0023%) VUS Gene panel

Miles et al.
2021 [22]

Loop S3-S4
(DIII) Intracellular c.3944C>G p.Ser1315Ter rs1261656894/NA NA LP 174 genes

(panel)

Miles et al.
2021 [22] N-Terminal Intracellular c.50C>T p.Thr17Ile NA NA VUS 174 genes

(panel)

Miles et al.
2021 [22]

Loop S5-S6
(DIV) Extracellular c.5038G>A p.Ala1680Thr rs199473294/VUS 10/251494

(0.0039%) VUS 174 genes
(panel)

Miles et al.
2021 [22] S5 (DI) Pore c.673C>T p.Arg225Trp rs199473072/LP 3/242066

(0.0012%) LP 174 genes
(panel)

Miles et al.
2021 [22] S1 (DIII) Voltage Sensor c.3665T>G p.Leu1222Arg NA NA VUS 174 genes

(panel)

Miles et al.
2021 [22] S3 (DIV) Voltage Sensor c.4850_4852delTCT p.Phe1617del rs749697698/LP 5/250930

(0.0019%) LP 174 genes
(panel)

dbSNP, database single nucleotide polymorphism; MAF, Minor Allele Frequency; ACMG, American College of
Molecular Genetics; VUS, Variant of Unknown Significance; P, Pathogenic.

4. Discussion

BrS is currently classified as a purely electrical cardiac disease, but structural alterations
identified in some cases suggest a potential reclassification of BrS as a cardiomyopathy. It
is possible that dysfunctional ion channels lead to abnormal apoptosis and to a significant
inflammatory/immune reaction and subsequent fibrosis in RV. An alternative hypothesis is
that certain ion channel mutations result in altered excitation–contraction coupling causing
cardiac remodeling [37]. Despite current arguments about this point, during the 30 years
since first publication, none of the published cases with a definitive diagnosis of BrS have
progressed to the definitive diagnosis of any cardiomyopathy during follow-up. Of all the
analyzed manuscripts concerning structural alterations, few were performed by expert
cardiopathologists, and this fact may represent a limitation due to the particular technical
difficulty of microscopic diagnosis. Some centers included cardiac magnetic resonance
(CMR) as part of BrS assessment despite not being included in current guidelines [32].
Therefore, further studies focused on analyzing potential correlations between BrS and
structural abnormalities are needed to clarify whether BrS can definitively be reclassified
as a cardiomyopathy.

Our comprehensive analysis identified recurring microscopic features of acute and
chronic inflammation in the RVOT of BrS cases. Despite signs of acute inflammation, it
is not a definitive hallmark of BrS but may trigger arrhythmias, especially in genetically
predisposed hearts [25,26]. However, no conclusive studies have been published to date
specifically examining this association, and the cause of myocardial inflammation remains
undetermined. Increased collagen inside the myocardium represents a frequent feature of
BrS and is predominant in the RV in both autopsy and endocardial biopsy samples [22].
However, this evidence is limited, as many of the patients studied did not have a confirmed
clinical diagnosis of BrS. Another issue concerning fibrosis localization is the significance
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given to the collagen localized in the extraventricular parts of the conduction system [20].
The presence of collagen in this area is considered physiological; however, a significant
amount of fibrosis can be abnormal, especially in young individuals [38]. For instance, an
autopsy-negative case of sudden death in the young showed abnormal fibrosis of the sino-
atrial node and the presence of a rare variant in the SLMAP gene (a minor gene potentially
associated with BrS) [38]. In general, the presence of fibrosis in both the subendocardium
and subepicardium has also been observed in other conditions (e.g., early repolarization
syndrome) that are referred as “J-waves syndromes” and share the same arrhythmogenesis
and the ECG changes of BrS [21,38].

As with inflammation, there is no clear evidence to date about fibrosis as a hallmark in
BrS despite the presence of fibrosis in heart walls being widely accepted as proarrhythmo-
genic. Currently, data published identifies histological alterations in RV and in the RVOT of
BrS patients. Transduction of electrical signals through myocytes is mainly due to connexin-
43, and a reduction in this protein in the RVOT in BrS cases has been reported [21]; however,
it is unclear if this phenomenon occurs before or after fibrosis. Therefore, further studies
should seek to clarify if fibrosis identified in BrS samples could be a cause or consequence
of arrhythmogenesis. In addition, electron beam computed tomography detected structural
abnormalities on the RVOT and on the inferior wall of the RV that seem to be related to
the onset of premature ventricular contractions and the initiation of VF [7]. RVOT is a
critical part of the conduction system; thus, BrS may involve the abnormal expression of
cardiac neural crest cells during embryonic myocardial development of the RVOT (whose
characteristics differ from those of the surrounding myocardium) [39].

Recurrent histological features identified in BrS cases (myocardial fibrosis and the
presence of inflammatory infiltrates) suggest a potential overlap between BrS and ACM
histotypes. Debate persists surrounding whether BrS could be a cardiomyopathy or a
phenotypic variant of ACM. Having the ability to make a differential diagnosis between
BrS and ACM is crucial because in BrS cases that present ACM features, arrhythmic risk
can be higher, and, in general, deciding the therapeutic strategy can be challenging [40,41].
This differential diagnosis is not always easier if clinical information is considered. For
instance, patients with a definite diagnosis of ACM may exhibit an ECG pattern of BrS
with a longer PQ interval and longer QRS duration, even if transient [42]. Therefore, in
these cases, imaging data should also be considered. For instance, echocardiography can
help in this differential diagnosis because BrS patients tend to have a mild alteration of
RVOT morphology and motion but in the absence of overall dilation and dysfunction of
the RV, typical of ACM [43,44]. Moreover, CMR can help to evaluate the fatty infiltration
of the myocardium and the RV wall kinetics, helping in the differential diagnosis [45–48].
Data published to date state that early stages of ACM show alterations in ECG readings
that are also observed in BrS cases, and discerning both entities is a challenge. Therefore, it
cannot be ruled out that BrS and ACM share pathophysiological mechanisms and represent
phenotypic and dynamic expressions of the same disease spectrum. Long-term follow-up
is, therefore, required. Identification of the phenotype is important because of the clinical
implications for both risk stratification and patient management. High-risk patients with a
purely symptomatic electrical disorder may be more suitable for implantable cardioverter
defibrillator (ICD). Whereas depending on the extent of the structural changes, selective
ablation or drug therapy might be preferred. Future studies should focus on develop-
ing better standardized methods to differentiate BrS from ACM, to be evaluated by a
multidisciplinary team of experts to ensure maximum diagnostic yield.

Improvement in genetic screening may help to clarify the diagnosis; however, it is not
currently a viable solution, as the role of some potentially pathogenic variants has yet to be
clarified, and a contribution of several genes in the development of the phenotype cannot
be excluded. A comprehensive genetic analysis including all genes currently associated
with BrS and ACM should be used in clinical or forensic settings [49]. However, even with
genetic testing, differential diagnosis can be difficult because, for instance, rare variants
located in the PKP2 gene may be a potential cause of both ACM and BrS [12]. Yet, recent
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work identified one of these rare variants that was previously associated with BrS as a
definitive cause in an ACM family [50]. Our group performed a comprehensive genetic
interpretation of all rare variants in PKP2 potentially associated with BrS, and none allowed
a definite genotype–phenotype association [11]. In addition, less than 2% of ACM patients
harbor rare SCN5A variants [51], but no conclusive role of these rare variants in ACM has
been reported to date. These findings reinforce the necessity of further studies that include
patients with a clear BrS diagnosis and ACM and a comprehensive genetic diagnosis, which
would clarify the deleterious role of the identified rare variants. We recommend including
a complete genotype–phenotype segregation in relatives to conclude a definitive genetic
component, which could be translated into clinical practice.

Limitations

We cannot definitively state that all manuscripts detailing structural alterations in BrS
patients are included in our search using the PRISMA system at the time of our search. To
assure a comprehensive search, we performed additional searches in Index Copernicus
(www.en.indexcopernicus.com), Google Scholar (www.scholar.google.es), Springer Link
(www.link.springer.com), Science Direct (www.sciencedirect.com), the Excerpta Medica
Database (www.elsevier.com/solutions/embase-biomedical-research), and the IEEE Xplore
Digital Library (www.ieeexplore.ieee.org/Xplore/home.jsp (all accessed on 25 December
2021)). After performing these additional searches, no other data was included. BrS patients
who suddenly died or had a clinical indication for an ablation are high-risk patients and do
not cover the entire spectrum of BrS patients.

5. Conclusions

BrS is currently considered a channelopathy; however, the identification of structural
findings in some cases highlights the potential complex interplay between these structural
alterations and ion channel dysfunction. The recurrence of some structural features in
BrS should be carefully considered because in some of these cases there was an ECG
pattern mimicking BrS (BrS phenocopies), but no definite diagnosis of BrS was reported. To
overcome these issues, we recommend always performing a comprehensive investigation
including all possible sources of information to select cases with a certain diagnosis of BrS.
In addition, a close follow-up is strongly recommended, as throughout the 30 years since
the first BrS publication, none of the published cases with a definitive diagnosis of BrS have
progressed to the definitive diagnosis of any cardiomyopathy. Taking all data into account,
we conclude that there is currently not enough evidence supporting a reclassification of
BrS as a cardiomyopathy or an autoimmune disease. However, it should be noted that in
autopsies, the observation of microscopic heart anomalies does not justify the exclusion
of BrS as a possible diagnosis, so far. Therefore, new data may help to clarify the widely
accepted classification of a “classic” channelopathy without structural heart alterations.
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Abstract: Background: We studied the diagnostic properties of the percentage of successive RR
intervals differing by at least x ms (pRRx) as functions of the threshold value x in a range of 7 to
195 ms for the differentiation of atrial fibrillation (AF) from sinus rhythm (SR). Methods: RR intervals
were measured in 60-s electrocardiogram (ECG) segments with either AF (32,141 segments) or SR
(32,769 segments) from the publicly available Physionet Long-Term Atrial Fibrillation Database
(LTAFDB). For validation, we have used ECGs from the Massachusetts Institute of Technology–Beth
Israel Hospital (MIT–BIH) Atrial Fibrillation Database. The pRRx distributions in AF and SR in
relation to x were studied by histograms, along with the mutual association by the nonparametric
Spearman correlations for all pairs of pRRx, and separately for AF or SR. The optimal cutoff values
for all pRRx were determined using the receiver operator curve characteristic. A nonparametric
bootstrap with 5000 samples was used to calculate a 95% confidence interval for several classification
metrics. Results: The distributions of pRRx for x in the 7–195 ms range are significantly different
in AF than in SR. The sensitivity, specificity, accuracy, and diagnostic odds ratios differ for pRRx,
with the highest values for x = 31 ms (pRR31) rather than x = 50 (pRR50), which is most commonly
applied in studies on heart rate variability. For the optimal cutoff of pRR31 (68.79%), the sensitivity is
90.42%, specificity 95.37%, and the diagnostic odds ratio is 194.11. Validation with the ECGs from the
MIT–BIH Atrial Fibrillation Database confirmed our findings. Conclusions: We demonstrate that
the diagnostic properties of pRRx depend on x, and pRR31 outperforms pRR50, at least for ECGs of
60-s duration.

Keywords: atrial fibrillation detection; cardiac arrhythmia; electrocardiography; heart rate variability

1. Introduction

Atrial fibrillation (AF) is a tachyarrhythmia with uncoordinated atrial electrical acti-
vation and ineffective atrial contraction [1–3]. Diagnosis of AF is based on an electrocar-
diogram (ECG) with irregular RR intervals (the distances between the peaks of R waves
of the QRS complexes reflecting the electrical depolarization of ventricles and measuring
the duration of each cardiac cycle), the absence of distinct repeating P waves, and irregular
atrial activation. AF must be documented in an entire 12-lead ECG of a duration of at least
8–10-s. If a single ECG strip is used, an arrhythmic episode is considered AF if it lasts at
least 30 s [1,2].

AF is the most common sustained cardiac arrhythmia, and it is the only available
cardiac rhythm for many people. Heart palpitations, symptoms of irregular pulse, wors-
ened exercise tolerance, dyspnea, and sometimes angina can accompany AF. However,
many individuals are asymptomatic or experience mild or unspecific symptoms easily
related to advancing age, emotions or effort, or other diseases such as hyperthyroidism [4].
Consequently, AF may be undetected or is found accidentally during a routine check-up or
a medical visit for another reason [1,2].
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AF increases the risk of excessive morbidity with debilitating clinical consequences
and premature death. This arrhythmia always increases the risk of severe arterial throm-
boembolism, resulting, for example, in an ischaemic stroke of the brain. Therefore, AF
must be appropriately diagnosed and actively screened for, particularly in high-risk popu-
lations such as older age and patients with hypertension, diabetes, heart failure, or valvular
disease [5,6].

Many systems used for AF screening can record ECGs of various lengths, ranging
from a couple-of-second 12-lead ECG to recordings of several weeks with the long-term
Holter ECGs or ECG bio-patches attached to the skin. Implantable loop recorders are an
invasive option for even more prolonged ECG monitoring lasting up to two years.

Visual inspection and ECG analysis are the gold standards for AF diagnosis. With
technological advancement, the amount of data with long-term ECGs gradually increases,
so a quick analysis of such recordings becomes challenging. New approaches to automatic
or semiautomatic analysis are proposed, many of them based on heart rate variability (HRV)
analysis [7]. HRV uses mathematical analysis of RR interval time series. RR interval is the
cardiac cycle duration measured between two consecutive QRS complexes in a continuous
ECG. HRV was developed many years ago. Its primary use was limited only to RR intervals
of sinus rhythm (SR) origin for either physiological analysis or prediction of mortality in
different diseases.

Due to different distributions of HRV-derived parameters in AF and SR [8], HRV has
gained new interest in AF detection in ECG [9–11], as well as from wearable devices [12,13].
Several authors used feature selection methods to find the most relevant HRV parame-
ters for AF detection [14,15]. Others incorporated HRV to predict future occurrence of
AF [16,17].

The percentage of successive RR intervals differing by at least 50 ms (pRR50) is
a particular form of pRRx parameter. Ewing et al. [18] proposed the total number of
successive RR intervals that differ by at least x ms (RRx count) for monitoring cardiac
parasympathetic activity. They analyzed two threshold values: x = 50 ms and x = 6.25% of
the previous RR interval. The computationally simpler 50 ms threshold was later widely
adopted, and Bigger et al. [19] proposed a relative statistic pNN50 (percentage of normal-
to-normal RR interval differences over 50 ms). The “NN” in the name emphasizes that
the analyzed R-waves are of sinus origin [1,19]. However, the same mathematical analysis
can be conducted for different cardiac rhythms, including AF. RR intervals are not normal
(i.e., of sinus origin) in AF and thus should always be labeled as RR and not as NN.

So far, the threshold values x other than 50 ms have rarely been analyzed. Mi-
etus et al. [20] used pRRx with x ranging from 4 ms to 100 ms to compare various
groups such as healthy people versus patients with heart failure, sleeping vs. awake
states, or young vs. elderly subjects. In all cases, thresholds <50 ms allowed for bet-
ter discrimination between the studied groups. Torres et al. [21] applied pRRx with x
from 10 ms to 50 ms to distinguish healthy subjects from survivors of acute myocardial
infarction, and thresholds <50 ms performed better. Saiz-Vivo et al. [22,23] used HRV
indices, including pRR20 and pRR50, to analyze 500 beats preceding onsets of AF and
distinguish between healthy and AF subjects. In several studies [24–27], various pRRx
indices with x from 5 ms to 500 ms were used to distinguish between four cardiac rhythms
(AF/SR/noisy/other) [28]. Jovic et al. [29] combined various HRV parameters with pRR5,
pRR10, pRR20, and pRR50 to differentiate between nine cardiac rhythms, including AF [30].

We have recently analyzed the diagnostic properties of several HRV parameters,
including the mean of RR intervals (mean RR); the standard deviation of RR intervals
(SDRR); the standard deviation of points perpendicular to the line of identity (SD1) and
along the line of identity (SD2) from the Poincare plot analysis; the power of low-frequency
(LF: 0.04–0.15 Hz) and high-frequency (HF: 0.15–0.4 Hz); and pRR10, pRR30, pRR50, pRR70,
and pRR90 [31] . Among these parameters, pRR30 had the highest area under the curve
(AUC) [32]. Different combinations of the HRV parameters, used as input features for ML
classifiers, showed that the sets with pRR30 outperformed other HRV feature sets, including
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those with pRR50. Conroy et al. [33] used parameters analogous to pRRx to detect AF in
the photoplethysmographic signal (PPG). Instead of RR intervals, interbeat intervals (IBI)
from PPG were used, and the highest AUC was yielded for x = 35 ms. Ramesh et al. [34]
used HRV features, including pRR20, RR20, pRR50, and RR50 (and analogous parameters
from PPG), for AF detection in ECG and PPG.

Altogether, these data strongly suggest that various x threshold values for the differ-
ence between two successive RR intervals might be more helpful in detecting AF. However,
the 50 ms threshold (pRR50) has been used for many years as a commonly accepted practice
in HRV analysis.

The primary aim of this study was to systematically explore the diagnostic properties
of the pRRx as a function of the different x thresholds for differentiating AF from SR in
60-s ECG segments. The secondary aim was to compare the diagnostic properties of the
pRR50 with the pRRx found to have the optimal diagnostic properties for AF detection in
the same 60-s ECG segments. This part of the study is presented separately in Appendix A.

2. Materials and Methods

2.1. Data

For this study, we used anonymized data from the Long-Term Atrial Fibrillation
Database (LTAFDB) [35,36]. It contains 84 long 24-h Holter electrocardiographic (ECG)
recordings sampled at a rate of 128 Hz, the information about locations of R-waves, and the
type of corresponding cardiac beats (normal, supraventricular, ventricular, atrial fibrillation,
and technical artifact). The LTAFDB database contains ECG recordings from patients with
paroxysmal AF and other arrhythmias. We selected only uninterrupted ECG fragments
with either AF or SR of at least 60-s duration for further analysis. We discarded the segments
labelled as different rhythms.

The data-preprocessing scheme is presented in Figure 1. The RR interval time series
were cut into 60-s separate, neighboring segments. For a segment to be labeled SR, each
RR interval had to be of SR origin. If it was not, for example, it was a atrial or ventricular
beat, the segment was removed from further analysis . For AF segments, each cardiac beat
needed to be AF, and if a ventricular beat was found, such a segment was also excluded.

Figure 1. Data preprocessing scheme. RR—interval between peaks of consecutive R-waves;
ECG—electrocardiogram; AF—atrial fibrillation; SR—sinus rhythm; and pRRx—percentage of suc-
cessive RR intervals differing by at least x ms.
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For SR and AF, to limit the number of potentially unidentified technical artifacts, RR
intervals shorter than 240 ms or longer than 3000 ms were removed. Additionally, RR
intervals corresponding to ventricular premature beats were also removed from both SR
and AF ECGs. For SR only, premature supraventricular beats were removed too. Segments
with a total length of excluded RR intervals exceeding 6 s were also discarded from the
analysis. The total number of 60-s RR series after preprocessing was 64,910 (32,141 AF,
32,769 SR).

As the sampling rate of 128 Hz corresponds to the precision of 7.8125 ms, we quantized
pRRx thresholds x into 7.8125 ms bins. The absolute values of the differences between
consecutive RR intervals were measured and used to calculate pRRx for the x ranging from
7.8125 to 195.3125 ms in 7.8125 ms steps for both SR and AF 60-s segments. To improve
the paper’s readability, we use only the integer part of x in ms in the names of parameters,
e.g., pRR7 instead of pRR7.8125.

2.2. Software Tools

We used Python programming language (version 3.9, Python Software Foundation,
Wilmington, DE, USA) for all the analyses.

2.3. Statistical Analysis

First, we analyzed the distributions of pRRx obtained for different x values separately
for SR and AF using histograms. Based on the histograms and Shapiro–Wilk test results, we
concluded that pRRx do not have normal distributions either in AF or in SR. Consequently,
we used a percentile scale to describe the distributions and mostly applied nonparametric
statistical techniques for data analysis.

Next, using the Wilcoxon test [37], we made paired comparisons for pRRx with
different x (separately for SR and AF). We conducted the unpaired analysis comparing
pRRx for the same x between SR and AF using the Mann–Whitney test [38]. The associations
between pRRx values for different x were analyzed with the Spearman correlation [39]
and presented as heatmaps with rho correlation coefficients. To analyze the differences
between two pRRx with different x, we calculated the mean difference for quantifying
bias, and the standard deviation (SD) of the differences for each pair of pRRx. As the
data distribution was not normal, we defined the limits of agreement (LoA) as the range
between the 2.5th and 97.5th percentile of the distribution of the differences. To analyze
the diagnostic properties of pRRx with different x, the area under the curve (AUC) from
the receiver operator curve (ROC) characteristics was calculated [32]. We identified the
optimal cutoff values for each x using Youden’s Index [40], which maximizes the sum of
sensitivity and specificity of AF/SR differentiation.

For each threshold x with the optimal cutoff value for differentiating between AF
and SR, we calculated several classification metrics [41], namely, accuracy, specificity,
sensitivity, F1-score [42], positive predictive value (PPV), negative predictive value (NPV),
and diagnostic odds ratio (DOR) [43]. For the estimation of classification metrics’ 95%
confidence interval (CI), we used a nonparametric bootstrap with 5000 samples [44]. We
analyzed all measures as functions of the threshold value x of pRRx in the range of 7 to
195 ms.

As the use of the pRR50 parameter is a de facto standard, we decided to compare
its diagnostic properties against the optimal pRRx for AF detection. The optimal cutoff
values for both parameters were estimated with the Youden criterion [40], and we used
a nonparametric bootstrap to compare the distributions of the classification metrics with
optimal cutoffs to verify whether the diagnostic properties of different thresholds are not
random. For the sampling frequency of 128 Hz in the LTAFDB, the threshold x = 54 ms is
equivalent to x = 50 ms, so pRR54 was used as an equivalent of pRR50.
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3. Results

3.1. Data Distribution Analysis

Figure 2 shows pRRx histograms for SR and AF for different x threshold values be-
tween 7 and 195 ms. The histograms for SR and AF partially overlap—for the same x, the left
part of the SR distribution covers the right part of the AF distribution. The overlap is notable
for very low (pRR7, pRR15) and very high values of the threshold x (pRR101–pRR195),
but the distributions are better separated between these extremes.

Figure 2. Histograms of percentages of successive RR intervals differing by at least x ms (pRRx) for
sinus rhythm (SR) and atrial fibrillation (AF) for different x thresholds.

Figure 3 presents medians (bolder line), the 25th to 75th percentile range (darker band),
and the 10th to 90th percentile range (lighter band) for AF (orange) and SR (blue). Median
values of SR and AF never cross or overlap in the whole range of studied x. Interestingly,
there is also no overlap between the 75th percentiles of pRRx for SR and the 25th percentiles
of pRRx for AF. Additionally, the 90th percentile of pRRx for SR does not cross with the
10th percentile for AF in the range of x from 15 to 85 ms. It suggests that the optimal value
of threshold x for differentiating between AF and SR lies within this range.
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Figure 3. Medians (bolder line), interquartile ranges (darker band), and 10th to 90th percentile ranges
(lighter band) of the percentages of successive RR intervals differing by at least x ms (pRRx) for sinus
rhythm (SR) and atrial fibrillation (AF) for different x thresholds.

3.2. Correlation

Figure 4 shows two heatmaps with rho coefficients of Spearman correlations between
pRRx for the different x thresholds in SR (the upper panel) and AF (the lower panel). For
most x thresholds, particularly for lower values, the correlation coefficients are higher for
SR than for AF. For the highest values of x, these correlations are above 0.95, both for SR
and AF.

The rho coefficients decrease for SR and AF as the distance between two pRRx increases.
Interestingly, this effect is more pronounced for lower x. For instance, in AF recordings,
the rho coefficient drops from 0.7 for the pair (pRR7, pRR15) to 0.63 for (pRR7, pRR23). In
contrast, rho is 1 for two pairs (pRR195, pRR187) and (pRR195, pRR179).

In AF, the pRRx with the lowest x (pRR7) has the strongest correlation with pRR15
(0.7), which is lower than in SR (0.92). However, the weakest correlation (between pRR7
and pRR195) is higher in AF (0.42) than in SR (0.38). It shows that for the lower values of
x, the range of correlations is much wider for SR than for AF. Additionally, it suggests
that the strength of correlations between various pRRx changes non-linearly for SR
and AF.
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Figure 4. Heatmaps of Spearman correlation with rho coefficients between the percentages of
successive RR intervals differing by at least x ms (pRRx parameters) for different x thresh-
olds for sinus rhythm (SR, top panel) and atrial fibrillation (AF, bottom panel) segments of
60-s electrocardiograms.

3.3. Difference Analysis

Figure 5 separately summarizes the differences between all pairs of pRRx parameters
for AF and SR. For each pair of pRRx parameters, e.g., pRR7 and pRR46, the mean difference
(bias) and LoA (the range between 2.5th and 97.5th percentile of the differences’ distribution)
were computed.

There are visible differences in the relations of biases or LoAs of the differences for all
possible pairs of pRRx with various x values. The bias distributions for different x resemble
one of the reciprocal functions and are non-linear for SR and nearly linear with a negative
slope for AF. In SR, for the x thresholds starting from 78 ms onward, the LoA values of the
differences between different pairs of pRRx initially increase to their peak and then decline
reciprocally. No similar early increase in such LoA is present for AF, in which these lines
nearly linearly decrease from the maximal values for the closest to minimal values for the
most distant pRRx pairs.
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Figure 5. Summary of the analysis of the differences between the pairs of the percentages of successive
RR intervals differing by at least x ms (pRRx parameters). Mean difference (bias) and 95% limits of
agreement (LoA) range in sinus rhythm (SR, top) and atrial fibrillation (AF, bottom).

3.4. Area under ROC Curve (AUC)

The AUCs for the differentiation of AF from SR, shown in Figure 6, have their peak
values exceeding 0.94 for the range of x from 15 ms to 85 ms (identical with the no overlap-
ping zone between the 90th percentile of the pRRx distribution of SR and 10th percentile
for AF as visible in Figure 3). AUCs gradually decrease to 0.87 for the highest x thresholds.
In other words, pRRx for lower x values has a much better AUC for distinguishing the SR
from AF recordings. The maximal AUC value can be one of the criteria for selecting the
optimal x threshold for differentiating SR from AF with pRRx. In our study, the maximal
AUC value (0.958) was for x = 31 ms, i.e., pRR31.

Figure 6. Area under curve (AUC) of the percentages of successive RR intervals differing by at least x
ms (pRRx parameters) for the differentiation of AF from SR as a function of the x threshold.
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3.5. Determining Optimal Cutoff Values for Different pRRx

Using Youden’s index, we selected optimal cutoff values for all pRRx (Figure 7).
Notably, the cutoff values for pRRx strongly and negatively depended on their x threshold.

Figure 7. Optimal cutoff values based on Youden Index the percentages of successive RR intervals
differing by at least x ms (pRRx parameters) as a function of the x threshold.

Next, the nonparametric bootstrap estimated the statistical metrics of AF detection
using pRRx parameters with the optimal cutoffs. Figure 8 shows the median values and
95% CI of the classification metrics for optimal cutoffs of pRRx in relation to the x threshold.
Although there is a gradual slow decline in the sensitivity of pRRx, its median exceeds
0.9 in the whole studied range of x. For the NPV, this relation is similar, with the lowest
values above 0.89 for the largest x = 195 ms. Gradual decline with the increasing x values is
also visible for both PPV and specificity. However, the decline is more rapid and deeper,
from 0.89 to 0.77 (PPV), and from 0.88 to 0.72 (specificity) for x thresholds above 50 ms.

Figure 8. Medians and 95% confidence intervals of diagnostic classification metrics for optimum cut-
off values for the percentages of successive RR intervals differing by at least x ms (pRRx parameters)
as a function of the x threshold. PPV—positive predictive value, NPV—negative predictive value.
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3.6. The Diagnostic Odds Ratios for Optimal Cutoffs for Different pRRx

Figure 9 presents median values of DOR with 95% CI for optimal cutoffs for different
pRRx in relation to the x value. The highest DOR of 194.01 is observed for pRR31. In other
words, the odds of pRR31 being greater or equal to the cutoff = 68.79% (Figure 7) is nearly
200 higher for the AF presence than in its absence. The next highest DORs are for pRR39,
pRR46, and pRR25, all exceeding 175. DORs for pRRx for x up to 81 ms are at least 125, then
gradually decline with increasing x values, reaching a minimum of 32.68 for x = 195 ms.

Figure 9. Medians and 95% confidence intervals of diagnostic odds ratio (DOR) for optimum cutoff
values for the percentages of successive RR intervals differing by at least x ms (pRRx parameters) as a
function of the x threshold.

3.7. Comparison of pRR50 and pRR31

The threshold x = 50 ms of pRRx is most broadly used and analyzed in HRV literature,
including HRV-based AF detection methods. On the other hand, in our study, pRR31
achieved the highest accuracy (Figure 8) and DOR (Figure 9). We used a nonparamet-
ric bootstrap to compare the distributions of classification metrics obtained by pRR31
and pRR50 with optimal cutoffs to verify whether better diagnostic properties of differ-
ent thresholds are not random. For the sampling frequency of 128 Hz in the LTAFDB,
the threshold x = 54 ms is equivalent to x = 50 ms, so pRR54 was used as an equivalent of
pRR50. Figure 10 shows the histograms of accuracy, sensitivity, specificity, and DOR for
pRR50 and pRR31. All the metrics are visibly higher for pRR31 than for pRR50, except for
sensitivity, which is only slightly higher for pRR31. The Shapiro–Wilk test verified that
accuracy, sensitivity, and specificity have normal distributions and DOR does not. The his-
tograms and the results of paired t-test (accuracy, sensitivity, and specificity) and Wilcoxon
test (DOR) demonstrate that better performance of pRR31 is not random.
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Figure 10. Histograms of classification metrics for optimum cutoff values for pRR31 and pRR50
(the percentages of successive RR intervals differing by at least 31 ms and 50 ms, respectively).
DOR—diagnostic odds ratio.

4. Discussion

In this study, we summarize various statistical properties of pRRx as functions of the
x threshold both for AF and SR. All possible pairs of pRRx, regardless of the x distance
separating them, are well correlated (Figure 4). Good correlations with rho at least 0.7 were
present for all pRRx starting from x = 46 ms and most for x = 39 ms in SR recordings. In AF,
all pairs of pRRx are well correlated, starting from x = 31 ms and then for most x = 23 ms.
For higher x, pairs of pRRx are perfectly correlated. Lower pRRx values provide more
information than higher pRRx. For instance, compared to pRR100, the pRR31 informs
about the percentage of neighboring RR intervals, which differ not only from 100 ms but
also in the lower range between 31 and 100 ms. In other words, using pRRx with higher x
thresholds is more aggressive as it filters out much important information in the lower x
ranges. Another issue is that good correlation does not mean that all pRRx parameters are
the same and thus replaceable. Besides, caution should be exercised for the lowest x = 7 ms,
for which the rho values drop to 0.38 and 0.42 for SR and AF, respectively. This analysis
shows that various pRRx provide different information, particularly those with lower x.

The analysis of differences between different pRRx (Figure 5) reveals that their mean
difference (bias) and the 95% limits of agreement range have distinct properties in AF and
in SR. It shows that the decline of pRRx differences is more dynamic for SR than AF, even
for the neighboring x. This analysis also demonstrates that pRRx with different x, even for
the closest pairs of pRRx, do not provide identical information.

The optimal cutoffs for pRRx depended differently on the threshold x in a wide range
from 7 ms to 195 ms. The best diagnostic features for AF detection are for the x range
between 15 and 85 ms. It was repeatedly indicated by comparing pRRx 90th percentile for
SR and 10th percentile for AF (Figure 3), then AUC over 0.94 (Figure 6), and finally with
odds ratios exceeding 110 for specific cutoffs (Figure 9). Out of several possible x values
within this range, x = 31 ms appears to be the best.

pRR50 is the most broadly studied pRRx parameter in physiological and clinical
studies with ECG with sinus rhythm and for the differentiation of AF from SR [45–48].
Only a few studies explored pRRx with threshold values x different than 50 ms in AF
detection [22,23,25–27,29,31,33]. Among them, only one study contained an analysis of
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the distribution of pRRx in AF and SR [26], and two had AUCs of the parameters [31,33].
However, neither analysis was in-depth.

Our study is more detailed, systematic, and focused on the whole pRRx family in a
broad range of x thresholds. It is probably the first analysis investigating various statistical
properties of pRRx exclusively as a function of x for the differentiation of AF from SR.

This study provides practical consequences for distinguishing AF from SR in 60-s ECG
segments. First, although pRR50 is within the range of x values with very good diagnostic
properties, it is not the best. Second, for the 60-s ECG segments, the x = 31 ms outperforms
other pRRx (including pRR50), particularly when comparing DORs. The odds of pRR31
exceeding 68.79% (Figure 9) is nearly 200 times higher in the presence of AF than in the
absence of AF. Third, we demonstrate how distinct the statistical properties of pRRx are in
SR and AF. Fourth, if HRV parameters are used to differentiate AF from SR, for example,
in the machine learning algorithms, pRRx with x shorter than 50 should be applied.

In SR, the differences between the duration of successive RR intervals are much more
limited than in AF. The RR interval for SR usually falls within 80 to 120% of the previous
RR interval. For AF, no such limit exists. It results from a couple of physiological regulatory
mechanisms controlling SR, which have weaker or no effect on the heart rate during AF.

SR originates in the sinus node, where pacemaker depolarization activity is regulated
by several controlling mechanisms. The electrical depolarization from the sinus nodes
travels across the right atrium and reaches the atrioventricular node. The atrioventricular
conduction undergoes additional controlling regulations. During AF, thousands of cells
from the border of pulmonary veins and the left atrium or both atria depolarize sponta-
neously in a relatively uncontrolled way. Atrial depolarizations reach the atrioventricular
node in a more or less random order, which may or may not conduct them through the His
system to both ventricles. The refractory period is probably the most important physio-
logical mechanism that is still functioning; it may control the ventricle rate in AF. All cells
of the atrioventricular node, His system, and ventricles have various refractory periods.
During this period, cardiac cells below the atria cannot respond to electrical depolarization.
The refractory period, particularly in the atrioventricular node, is under the strong control
of the autonomic nervous system during SR. This control is less effective but is still present
during AF. In other words, less controlling mechanisms over the ventricular rate in AF
introduce some randomness to RR intervals and thus higher values of pRRx than in SR.

The limitations of the study must be recognized. It is an observational and retrospec-
tive study using ECG recordings from a single (Long-Term AF Database) database. To
verify whether the results are not database-specific, we used optimal cutoffs of pRRx from
LTAFDB and employed them to classify 60-s segments from MIT–BIH Atrial Fibrillation
Database (250 Hz sampling frequency) [35,49]. The highest DOR (median 276) and accu-
racy (median 0.944) were obtained for pRR31 (in LTAFDB 194 and 0.928, respectively—the
detailed results are shown in Appendix A). Moreover, these public databases have been
used in several studies, and others can easily replicate our results. Other limitations are
the arbitrary use of 60-ss ECG segments and the application of additional filters removing
too short (<240 ms) or too long (>3000 ms) RR intervals to select ECG segments that might
result in “too perfect” results. Thus, the interpretation of our findings must be limited only
to the specific settings of the filters and ECG recording of 60-s duration.

Comparison of different methods and parameters is always complex and should
never be based on a single approach or descriptor. As demonstrated, visual inspection
is always essential—such a simple approach as the distribution analysis clearly shows
how pRRx changes for various x, both for SR and AF. Unfortunately, presenting the
actual data distribution is not a common approach. Next, correlation analysis is the most
popular in many studies to present how well some parameters are correlated. Presented
correlation heatmaps also show strong correlations for pRRx in a wide range of x values.
Many studies stop at this point, without further and more detailed exploration. However,
additional analyses with classic statistical methods, starting with differences analysis,
followed by more advanced analyses such as ROC, the identification of cutoff points,
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and various classification measures, reveal huge differences between parameters that
appear so well related. Summarizing this part, a set of several classical statistical methods
for comparing various methods or parameters should be constantly employed in clinical
medicine. Referring to one method, usually correlation analysis, can produce misleading
conclusions and false diagnoses.

5. Conclusions

In conclusion, pRRx values for various x thresholds are not the same or interchangeable.
Although most pRRx help detect AF, the parameters around pRR31 outperform others. If
in a 60-s ECG the pRR31 is at least 68.79%, it is far more likely to be AF than SR. Using
optimal pRRx instead of pRR50 should improve machine learning models for AF detection.
Our results potentially apply to different biomedical systems used for screening for AF,
e.g., long-term ECG Holter or bio-patch systems. However, we are aware that this potential
should be validated using real-life ECG recordings acquired in clinical conditions, and it
requires further prospective studies. It is worth noticing that the proposed approach for
searching for the most valuable, from the point of view of AF detection, pRRx parameters
can be repeated in other conditions and applied, for example, to specific ECG devices.
Finally, pRR50 has been used in several studies as one of the HRV features incorporated in
various machine learning models detecting AF. Replacing pRR50 with pRRx with a smaller
x might improve the diagnostic properties of such models.

Author Contributions: Conceptualization, S.B., K.J. and P.G.; methodology, S.B., K.J. and P.G.;
software, S.B.; validation, S.B., K.J. and P.G.; formal analysis, S.B., K.J. and P.G.; investigation, S.B., K.J.
and P.G.; data curation, S.B.; writing—original draft preparation, S.B., K.J. and P.G.; writing—review
and editing, S.B., K.J. and P.G.; visualization, S.B.; and supervision, K.J. and P.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Scientific Council for the discipline of Automatic
Control, Electronics, and Electrical Engineering of Warsaw University of Technology, Poland, grant
“Studies on the effectiveness of atrial fibrillation detection based on the analysis of PPG signal and
ECG signal using machine learning techniques, including proposals for new solutions”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: MIT–BIH Atrial Fibrillation Database (AFDB) [35,49], and Long-Term
AF Database (LTAFDB) [35,36] were used in the study. They are available at https://physionet.org/
content/afdb/1.0.0/ (accessed on 1 June 2022) and https://physionet.org/content/ltafdb/1.0.0/
(accessed on 1 June 2022), respectively.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Results of Validation on MIT–BIH AF Database

We used the optimal cutoff values of pRRx parameters from the training set long-term
Atrial Fibrillation Database (LTAFDB) to detect AF in the test set from the Massachusetts Insti-
tute of Technology–Beth Israel Hospital (MIT–BIH) Atrial Fibrillation Database (AFDB) [35,49].
Data preparation was the same as in the training set (Figure 1), and a nonparametric
bootstrap with 5000 samples was used to estimate classification results’ distribution.

Appendix A.1. Comparison between Training Set and Test Set Results

A comparison of the results of AF detection in the training set and the test set is
presented in Figure A1. The classification metrics include the diagnostic odds ratio (DOR),
accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive
value (NPV). In the test set, the highest DOR (median 276) and accuracy (median 0.944)
are achieved for pRR31 (in training set 194 and 0.928, respectively). Peak values of DOR,
accuracy, PPV, NPV, and specificity are higher in the test set AFDB, while sensitivity is
higher in the training set LTAFDB in the whole range of threshold values x.
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Figure A1. Medians and 95% confidence intervals of AF detection results in the training set Long-Term
Atrial Fibrillation Database (LTAFDB) and the test set MIT–BIH Atrial Fibrillation Database (AFDB):
diagnostic odds ratio (DOR, top left), accuracy (top right), sensitivity (middle left), specificity
(middle right), positive predictive value (PPV, bottom left), and negative predictive value (NPV,
bottom right).

The difference between performance in the training set and the test set can be a result
of one or more factors, including:

• Distinct patient populations in two databases:

– LTAFDB: 84 subjects;
– AFDB: 25 subjects.

• Various sampling frequencies:

– LTAFDB: 128 Hz;
– AFDB: 250 Hz.

• The different lengths of the ECG recording:

– LTAFDB: 24 h (night and day);
– AFDB: 10 h (unspecified time of day).

• Unequal proportions of 60-s segments with AF and SR:

– LTAFDB: 32,769 SR, 32,141 AF (49.5% AF);
– AFDB: 8836 SR, 5490 AF (38.3% AF).
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Appendix A.2. Comparison between pRR31 and pRR50

The histograms in Figure A2 show the distribution of four classification metrics
(accuracy, sensitivity, specificity, and DOR) in AF detection in the test set using pRR31 and
pRR50. For accuracy, specificity, and DOR, the results are higher for pRR31 than for pRR50.
For sensitivity, there is an overlap between the distributions for pRR31 and pRR50, but the
average is higher for pRR50.

Figure A2. Histograms of atrial fibrillation detection results in the test set MIT–BIH Atrial Fibrillation
Database (AFDB) for pRR31 and pRR50 (the percentages of successive RR intervals differing by at
least 31 ms and 50 ms, respectively). DOR - diagnostic odds ratio.

Since not all the metrics had normal distribution (Shapiro–Wilk test) both for pRR31
and pRR50, we used the Wilcoxon test to compare the performance of pRR31 and
pRR50. In all cases, the differences between the classification results cannot be explained
by randomness.

Appendix A.3. Conclusions from the Validation

The results presented in the Appendix A confirm the study’s findings. For AF detection
in 60-s ECG, the most effective threshold value x in pRRx is not 50 ms (pRR50). Both in
the training set LTAFDB and in the test set AFDB, pRR31 achieves the best performance,
measured by accuracy and DOR. This phenomenon is not limited to a single ECG database;
thus, pRR50 should not necessarily be a default pRRx parameter used in AF detection.
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Abstract: The association between heart rate variability (HRV) and mortality risk of acute pulmonary
embolism (APE), as well as its association with right ventricular (RV) overload is not well established.
We performed an observational study on consecutive patients with confirmed APE. In the first 48 h
after admission, 24 h Holter monitoring with assessment of time-domain HRV, echocardiography
and NT-proBNP (N-terminal pro-B-type natriuretic peptide) measurement were performed in all
participants. We pre-examined 166 patients: 32 (20%) with low risk of early mortality, 65 (40%) with
intermediate–low, 65 (40%) with intermediate–high, and 4 (0.02%) in the high risk category. The
last group was excluded from further analysis due to sample size, and finally, 162 patients aged
56.3 ± 18.5 years were examined. We observed significant correlations between HRV parameters
and echocardiographic signs of RV overload. SDNN (standard deviation of intervals of all normal
beats) correlated with echocardiography-derived RVSP (right ventricular systolic pressure; r = −0.31,
p = 0.001), TAPSE (tricuspid annulus plane systolic excursion; r = 0.21, p = 0.033), IVC (inferior vena
cava diameter; r = −0.27, p = 0.002) and also with NT-proBNP concentration (r = −0.30, p = 0.004).
HRV indices were also associated with APE risk stratification, especially in the low-risk category
(r = 0.30, p = 0.004 for SDNN). Univariate and multivariate analyses confirmed that SDNN values
were associated with signs of RV overload. In conclusion, we observed a significant association
between time-domain HRV parameters and echocardiographic and biochemical signs of RV overload.
Impaired HRV parameters were also associated with worse a clinical risk status of APE.

Keywords: acute pulmonary embolism; electrocardiography; Holter monitoring; heart rate variability;
right ventricle overload

1. Introduction

Venous thromboembolism, clinically presenting as deep vein thrombosis or acute pul-
monary embolism (APE), is globally the third most frequent acute cardiovascular syndrome.
Even though the annual fatality rates of the disease across Europe and Northern America
have decreased over a 15 year period, APE is still associated with adverse clinical outcomes,
including deterioration and death [1]. Numerous electrocardiographic abnormalities are
observed during APE, especially in the 12-lead ECG. However, the evidence on the role of
24 h Holter or other long-term electrocardiography monitoring in controlling the clinical
status or evaluating the prognosis of APE is scarce. This also applies to the heart rate vari-
ability (HRV) obtained during Holter monitoring, which is a reflection of cardiac autonomic
nervous system (cANS) activity, both sympathetic and parasympathetic. Several studies
revealed that cANS imbalances are associated with a worse clinical prognosis in patients
with impaired left ventricular function, especially as a consequence of myocardial infarction
or heart failure [2]. It is postulated that the sympathetic–parasympathetic imbalance might
be associated with various adverse events, including severe and life-threatening ventricular
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arrhythmias [2,3]. The right side of the heart, especially the right atrium, is an area with
even more autonomous innervation than the left side. Thus, HRV analysis is presumed
to be especially effective in monitoring autonomic function in patients with conditions
affecting mainly the right side of the heart, such as APE [3]. A potential model, linking
HRV parameters with echocardiographic features of right ventricular (RV) overload may
lead to improved prognosis assessment, and consequently, improvement of clinical practice
in these patients. However, the clinical utility of HRV has not yet been established in large
cohorts of APE patients.

We make the assumption that time-domain HRV analysis, which can be easily performed
by standard Holter monitoring [4], might be a promising tool for risk stratification of pa-
tients with APE. Therefore, the aim of our study was to evaluate the relationship between
Holter-derived HRV indices and specific echocardiographic and laboratory parameters, well
established in the assessment of the prognosis of APE, along with their analysis in the context
of APE risk stratification according to the European Society of Cardiology (ESC) [1].

2. Materials and Methods

We performed a prospective, single-center, cross-sectional, observational study, run-
ning for 10 years between 2009 and 2019. At baseline, consecutive adult patients with
APE confirmed by imaging (mostly computed tomography pulmonary angiogram) were
included. Detailed evaluation of clinical status, past medical history and laboratory tests
were performed at admission, while echocardiography and 24 h Holter monitoring were
conducted within 48 h of admission at the latest (most often <24 h). Then, the prognosis
of APE was assessed according to the ESC guidelines. All participants were assessed
according to current ESC guidelines but, in terms of the present data analysis, retrospec-
tively assigned to risk categories stated in the 2019 guidelines, i.e., low, intermediate–low,
intermediate–high and high risk. This classification provides information about the APE
severity and the risk of early (in-hospital or 30-day) mortality. Patients with clinical signs
of hemodynamic instability were classified in the high risk category. Patients without
hemodynamic instability, but with presence of both RV dysfunction (on echocardiography
or computed tomography angiography) and elevation of laboratory biomarkers (mainly
cardiac troponin, but N-terminal pro-B-type natriuretic peptide (NT-proBNP) also provides
prognostic information) were referred to the intermediate–high risk category. The presence
of only one of the aforementioned signs of RV disfunction (in cardiac imaging or biochemi-
cal) enabled the identification of the intermediate–low risk category, while the absence of
both of them to the low risk category, provided that the simplified pulmonary embolism
severity index score was 0 points [1].

Transthoracic echocardiography was performed using a Philips iE33 ultrasound sys-
tem (Philips Medical System, Andover, MA, USA) with a 2.5–3.5 MHz transducer. Patients
were examined in the left lateral position. According to current American and European
recommendations, all standard dimensions, valve morphology and function, left ventric-
ular ejection fraction and right heart parameters were evaluated [5]. The emphasis was
put on the RV assessment, including following parameters: TRPG (tricuspid regurgitation
peak gradient), RVSP (right ventricular systolic pressure), AcT (right ventricular outflow
Doppler acceleration time), IVC (inferior vena cava diameter) and TAPSE (tricuspid an-
nulus plane systolic excursion) measurement. Considering the extensive experience of
our experts in the field of diagnostic imaging, verified by the certificate of the Section of
Echocardiography of the Polish Cardiac Society, which is a part of the ESC, as well as the
high repeatability (inter/intra-observer), which was confirmed in one of the studies on
patients with APE carried out in our center, echocardiographic examination was performed
at a time by one experienced physician [6].

Ambulatory Holter monitoring was conducted using three-channel digitized record-
ings (Lifecard CF, Spacelabs Healthcare, Snoqualmie, WA, USA). Routine evaluations of
heart rates and arrhythmias were performed (Sentinel Impresario, Spacelabs Healthcare,
USA). Careful manual review and filtering algorithms were used to eliminate inappropriate
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electrocardiographic strips, aimed to eliminate fragments illegible for further analysis.
Time-domain HRV parameters were obtained from 24 h Holter monitoring, including
SDNN (standard deviation of intervals of all normal beats), SDNN-I (the average of the
standard deviations of N-N intervals for each 5-min), SDANN (standard deviation of
five-minute mean N-N interval), RMSSD (root mean square standard deviation), pNN50
(percentage of intervals that are more than 50 ms different from previous interval) and trian-
gular index (integral of the density of the NN interval histogram divided by its height) [4].
These parameters were chosen as sufficient for time-domain HRV analysis, considering
that many parameters closely correlate with others. SDNN and HRV-Index estimate overall
HRV, SDANN and SDNN-I estimate long-term components of HRV, RMSSD and pNN50
estimate short-term components of HRV [4]. For each HRV parameter, the results of the
entire 24 h evaluation were taken for further analysis, without the division into day and
night periods. Each Holter recording was analyzed by a qualified and certified cardiologist
without blinding.

Echocardiographic and Holter examinations were performed by different members
of the research staff who knew the full protocol but did not know the detailed results
obtained, which were later transferred to the database. Taking in the relatively modest
data on long-term electrocardiographic monitoring and Holter-derived cANS assessment
in APE patients, we decided to conduct an exploratory study to provide new information
on this topic without a pre-existing hypothesis.

3. Statistical Analysis and Data Presentation

The data collection was not blinded. Continuous variables were compared with Stu-
dent’s t test or the Wilcoxon test, according to data distribution. Categorical variables were
compared using Fisher’s exact test. All tests were double-sided. Variables with a normal
distribution are presented as mean followed by standard deviation. Deletions of outliers’
data were not performed. Variables not showing normal distribution, as well as those with
skewed distribution, were presented as median with range and also with interquartile
range values. Pearson’s correlation coefficient was used to assess the significance of the
connections between parameters considered to show normal distribution. Abridged logistic
regression analysis was performed to explore the influence of confounding factors on the
values of SDNN, the most important HRV parameter. Both univariate and multivariate
analyses were carried out with the examination of multiple models. Statistical significance
was determined at p < 0.05. Results of univariate and multivariate analyses are presented
as odds ratios (OR) with 95% confidence intervals (95% CI). All statistical analyses were
performed using Statistica 14.0 (StatSoft Inc., Tulsa, OK, USA).

4. Results

The study cohort consisted of 166 consecutive patients with confirmed APE admitted
to our specialist center, almost all of them to our cardiac care unit. As described above,
all participants were assigned to the APE risk classification groups according to ESC
guidelines. The majority of the patients was allocated to the intermediate risk category
(130 persons, 80%), of which exactly half belonged to the intermediate–low risk APE
category (65 persons) and the other half to the intermediate–high risk APE. Low risk APE
consisted of 32 (20%) patients, while only four (0.02%) participants had the high risk disease.
Patients with the high clinical risk category were excluded from further statistical analysis
due to small sample size, which cannot give conclusive results in the context of the whole
study population. Then, to reach the needs of statistical equations and provide results, more
plausible and representative for our study population, we merged the intermediate–low
and intermediate–high risk groups into one group of patients with the intermediate risk
APE. All patients received standard anticoagulation therapy and other medications needed
for their specific comorbidities.

The general characteristics at baseline are shown in Table 1 and did not differ sig-
nificantly between groups of patients with low and intermediate risk. Results were not
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different for males and females either—detailed results are not shown. As expected, due
to right RV overload, the NT-proBNP level was significantly higher in intermediate risk
APE. For the same reason, echocardiographic parameters related to impaired RV function
were worse in this group of patients in comparison with the low risk APE population.
During a follow-up of 48 h, none of the patients finally enrolled in the study died, required
thrombolysis, or were transferred to an intensive/critical care unit.

Table 1. The general characteristics, laboratory data, echocardiographic parameters and 24 h Holter
and time-domain heart rate variability data in all enrolled patients with acute pulmonary embolism
(APE), as well as in subgroups with low and intermediate early mortality risk.

All APE Patients Low Risk APE Intermediate Risk APE p Value
(n = 162) a (n = 32) (n = 130) Low vs. Intermediate Risk APE

General characteristics and laboratory data at admission

Age (years) b 56.3 ± 18.5 54.6 ± 17.2 53.4 ± 18.0
0.39(18–86) (20–82) (18–86)

Females (n, %) 89 (54%) 18 (56%) 68 (52%) 0.8
BMI (kg/m2) 29.1 ± 5.6 27.2 ± 5.5 31.1 ± 5.7 0.04

HR at admission (bpm) 88 ± 18 87 ± 22 91 ± 16 0.21
SBP at admission (mmHg) 128.1 ± 18.8 128.0 ± 16.5 130.8 ± 18.7 0.48

NT-proBNP (pg/mL) * 627 95 1443
0.02(52.5–2795.5,

160.0–2321.0) (18.0–272.0, 52.5–201.0) (59.0–29,071.0,
486.0–2795.5)

Echocardiography parameters

LVEF (%) 59.7 ± 6.9 62.3 ± 2.6 59.5 ± 7.6 0.09
LVDD (mm) 41.4 ± 6.6 43.6 ± 6.3 41.2 ± 7.6 0.28
RVD (mm) 38.2 ± 9.0 32.8 ± 6.8 38.6 ± 8.0 0.02

TRPG (mmHg) 34.4 ± 16.3 21.6 ± 6.7 37.6 ± 15.5 0.005
RVSP (mmHg) 41.5 ± 17.3 27.0 ± 6.7 46.6 ± 16.0 0.005

IVC (mm) 15.5 ± 4.6 13.6 ± 2.9 16.2 ± 4.7 0.02
AcT (ms) 83.5 ± 27.5 105.3 ± 22.2 75.8 ± 26.5 0.005

TAPSE (mm) 21.1 ± 4.9 23.9 ± 3.7 20.5 ± 4.9 0.06

24 h Holter and time-domain heart rate variability data

Mean heart rate (bpm) 77 ± 14 75 ± 11 79 ± 13 0.26

Non-sustained SVT (n, %) 47 5 41
0.3−29.00% −15.70% −31.50%

Non-sustained VT (n, %) 9 2 7
0.4−5.40% −6.30% −5.40%

Paroxysmal atrial
fibrillation (n., %)

2 0 2 -−0.01% - −0.01%

SDNN (ms) * 92 113.6 87.9
0.05(39.6–222.9, 68.8–121.4) (65.5–222.9, 93–154.2) (39.6–193.1, 65–116)

SDNN-I (ms) * 30.2 35.7 28
0.06(10.1–90.4, 21.2–39.3) (15.9–90.4, 32.9–52.4) (10.1–85.9, 20.7–37.3)

SDANN (ms) * 85.1 100.1 80.6
0.1(29.0–190.4, 61.0–110.8) (35.2–190.4, 82.6–126.9) (29.0–182.9, 58–107.9)

RMSSD (ms) * 26.8 32.8 26.8
0.02(12.4–96.2, 20.2–38.2) (12.6–96.2, 22.9–54) (12.4–94.2, 19.9–36.9)

pNN50 (%) * 2.8 6.8 2.45
0.03(0.1–74.8, 1.0–16.0) (0.1–74.8, 2.1–16.0) (0.1–37.7, 1.0–7.1)

Triangular Index * 12.3 15.7 11.7
0.21(4.1–33.3, 9.6–17.3) (6.7–33.3, 10.8–20.1) (4.1–28.4, 9.5–16.2)

* value expressed as median with range and also interquartile range. a Four high risk patients were excluded from
the pre-screened consecutive 166 individuals. b For age, the range is additionally shown. APE—acute pulmonary
embolism; BMI—body mass index; HR—heart rate; SBP—systolic blood pressure; LVDD—left ventricle diastolic
diameter; LVEF—left ventricle ejection fraction; RVD—right ventricle diameter; NT-proBNP—N-terminal pro-B-
type natriuretic peptide; TRPG—tricuspid regurgitation peak gradient; RVSP—right ventricular systolic pressure;
IVC—inferior vena cava diameter; AcT—right ventricular outflow Doppler acceleration time; TAPSE—tricuspid
annulus plane systolic excursion; SDNN—standard deviation of intervals of all normal beats; SDNN-I—the
average of the standard deviations of N-N intervals for each 5 min; SDANN—standard deviation of five-minute
mean N-N interval; pNN50—percentage of intervals that are more than 50 ms different from previous interval;
RMSSD—root mean square standard deviation; triangular index—integral of the density of the NN interval
histogram divided by its height; Bold values show significant results.
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The results of 24 h Holter monitoring in APE patients are also displayed in Table 1. For
all APE patients, the median Holter recording time was 23 h and 22 min and was similar in
the low and intermediate risk category groups (23:16 vs. 23:37, p = 0.82), while the shortest
recording was 21 h and 12 min. However, the results of our HRV analysis are not obvious
and easy to explain. While the values of SDNN, pNN50 and RMSSD were significantly
lower in the intermediate than in the low risk APE group, no remarkable difference was
found in the values of other parameters.

The next step was analysis of the potential relations between HRV and parameters
obtained in echocardiography and biochemical tests. It was made collectively for the
entire study population. Interestingly, while the mean HR was not associated with any
of the echocardiographic measurements, its correlation with NT-proBNP levels reached
statistical significance. We also found a lot of significant correlations between HRV and
echocardiographic parameters describing RV function (Figure 1). Notably, most HRV
parameters showed an inverse correlation with NT-proBNP concentration—detailed results
are presented in Table 2.

Figure 1. Correlations in all low and intermediate risk patients with acute pulmonary embolism
(n = 162) between standard deviation of intervals of all normal beats in 24 h Holter monitoring and
tricuspid regurgitation peak gradient (r = 0.22, p = 0.016)—left side of the figure—and N-terminal
pro-B type natriuretic peptide concentration (r = −0.30, p = 0.004)—right side of the figure.

Table 2. Correlations between time-domain heart rate variability indices, right ventricle overload
echocardiographic parameters and also N-terminal pro B type natriuretic peptide concentration in all
low and intermediate risk patients with acute pulmonary embolism (n = 162) a.

Mean HR SDNN (ms) SDNN-I (ms) SDANN (ms) RMSSD (ms) pNN50 (%)
Triangular

Index

TRPG
(mmHg)

r = 0.08,
p = 0.36

r = −0.22,
p = 0.02

r = −0.14,
p = 0.11

r = −0.16,
p = 0.07

r = −0.30,
p = 0.003

r = −0.80,
p = 0.41

r = −0.19,
p = 0.04

RVSP
(mmHg)

r = 0.09,
p = 0.33

r = −0.31,
p = 0.001

r = −0.21,
p = 0.03

r = −0.31,
p = 0.001

r = −0.80,
p = 0.45

r = −1.10,
p = 0.29

r = −0.28,
p = 0.003

TAPSE
(mm)

r = −0.11,
p = 0.11

r = 0.21,
p = 0.03

r = 0.09,
p = 0.39

r = 0.27,
p = 0.006

r = 0.50,
p = 0.61

r = 0.70,
p = 0.49

r = 0.22,
p = 0.49

IVC
(mm)

r = 0.06,
p = 0.11

r = −0.27,
p = 0.002

r = −0.18,
p = 0.01

r = −0.18,
p = 0.04

r = −1.00,
p = 0.31

r = −0.80,
p = 0.44

r = −0.29,
p = 0.44

AcT
(ms)

r = −0.10,
p = 0.24

r = 0.31,
p = 0.001

r = 0.29,
p = 0.01

r = 0.38,
p = 0.001

r = 1.60,
p = 0.12

r = 2.10,
p = 0.36

r = 0.30,
p = 0.04

NT-proBNP
(pg/mL)

r = 0.22,
p = 0.03

r = −0.30,
p = 0.004

r = −0.24,
p = 0.02

r = −0.35,
p = 0.001

r = −0.60,
p = 0.52

r = −1.10,
p = 0.28

r = −0.26,
p = 0.01

a four high risk patients were excluded from the pre-screened consecutive 166 individuals. Abbreviations—see Table 1.
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Moreover, we performed abridged univariate and multivariate logistic regression
analysis to assess the association of the echocardiographic parameters and NT-proBNP
concentration on the values of SDNN, the principal parameter in the HRV analysis. The
results are presented in Table 3. In univariate analysis TRPG, RVSP, TAPSE, IVC, AcT and
NT-proBNP were examined and all of them showed a significant association with SDNN
values. However, in the multivariate analysis only IVC diameter and NT-proBNP level
remained statistically relevant.

Table 3. Logistic regression analysis assessing the influence of right ventricle overload echocardio-
graphic parameters and N-terminal pro B type natriuretic peptide concentration on the standard
deviation of intervals of all normal beats (SDNN) corrected for its increase of 10 ms.

Univariate Analysis Multivariate Analysis *

Odds Ratio (95% CI) p-Value Odds Ratio (95% CI) p-Value

TRPG (mmHg) a 0.52 (0.11–0.92) 0.013 - -

RVSP (mmHg) a 0.39 (0.26–0.93) 0.001 - -

TAPSE (mm) b 2.50 (1.18–3.10) 0.027 - -

IVC (mm) b 0.69 (0.39–0.83) 0.002 0.91 (0.21–0.92) 0.014

AcT (ms) c 1.38 (1.33–5.98) 0.002 - -

NT-proBNP (pg/mL) d 0.23 (0.18–0.31) 0.002 0.83 (0.04–0.91) 0.041

Abbreviations—see Table 1. * results of multivariate analysis shown only for statistically significant parameters.
a Odds ratio and 95% CI corrected for an increase of 10 mmHg. b Odds ratio and 95% CI corrected for an increase
of 1 mm. c Odds ratio and 95% CI corrected for an increase of 10 ms. d Odds ratio and 95% CI corrected for an
increase of 100 pg/mL.

5. Discussion

In our study we put impact on analyzing the connection between time-domain HRV
and APE in the context of its severity and prognosis. We revealed novel associations
between 24 h Holter monitoring HRV parameters and clinical status, as well as the echocar-
diographic and biochemical signs of RV overload. Extensive analysis of HRV parameters
and their correlation with indices of RV overload have given us promising results with
potential clinical value. The strength of our research is also a large cohort of patients
observed in the severe phase of APE.

Over the last decades, HRV parameters were increasingly considered as indicators of
the cANS activity [4,7,8]. However, there is limited research depicting HRV as an impor-
tant indicator of cANS dysfunction in patients with RV disorders. Among others, Bienias
et al. and Witte et al. demonstrated that Holter-derived parameters depict significant
cANS impairment in patients with pulmonary hypertension of various etiologies [9–12].
Several studies have demonstrated that patients with arterial or chronic thromboembolic
pulmonary hypertension are characterized by significant impairment of heart rate tur-
bulence, which was related to the disease severity [9,13]. Patients with impaired RV
due to pulmonary arterial hypertension were also found to have decreased post-exercise
HRV parameters in comparison with healthy individuals, which reflects the prolonged
recovery of cANS control in this population [14]. HRV parameters were also shown to
be impaired in other chronic RV overload conditions, e.g., in arrhythmogenic right ven-
tricular cardiomyopathy and tetralogy of Fallot [3,15]. In some studies the main and the
simplest cANS parameter, i.e., mean HR, reflecting an increased sympathetic and decreased
parasympathetic tone, was also found to be a prognostic factor in venous thromboembolism
occurrence [16,17].

Lower values of HRV parameters can be considered to be predictors of various car-
diac arrhythmia occurrences, including life-threatening ventricular arrhythmias and atrial
fibrillation [2,18]. According to the literature, the most common serious arrhythmia ap-
pearing in the first days of APE is atrial fibrillation, followed by other supraventricular
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tachycardias [19–21]. Surprisingly, in our study population, atrial fibrillation was extremely
uncommon, while short supraventricular tachycardias were recorded in 29% of patients
but without clinical deterioration. It remains unclear whether this is an effect of the sample
size or the reason for the relatively high proportion of patients in relatively good clinical
status after admission.

Clinical observations indicate that the occurrence of serious ventricular arrhythmias
immediately after APE is very rare with unclear recommendations for long-term manage-
ment and prognosis [22]. Cardiac arrest being a result of APE is usually related to pulseless
electrical activity [3]. In our study no significant ventricular arrhythmias were found either.
Syncope (usually as one of the first sign of the diseases) may occur in about 10% of patients
with APE, it is mainly related to cANS dysfunction, and may worsen the prognosis [23,24].
As such, they are another potential coefficient, the risk of which could be identified using
HRV parameters. Yet, in our study population we did not identify any cases of syncope
during hospitalization.

It is important to remark that most of the clinical characteristics of our participants
did not differ significantly between groups with low and intermediate risk of APE. It is
especially compelling that one half of the intermediate risk group consisted of patients with
intermediate–high risk of APE. It is clear that RV overload in our cohort observed in diag-
nostic imaging did not cause major changes in the parameters describing the general status
at admission and did not remarkably increase the risk of shock in the study population.

Even though, echocardiographic parameters describing the RV function remarkably
differed between groups, indicating that patients with the intermediate risk APE had sig-
nificantly higher overload of RV, in spite of similar general status parameters at admission.
Importantly, echocardiographic parameters describing the left ventricular function did
not differ between low and intermediate risk APE groups, which provides a conclusion
that cANS dysfunction observed in our patients was triggered mainly by RV overload.
Supporting this suspicion is the fact that we revealed significant correlations between HRV
parameters and echocardiographic-derived TRPG, RVSP, IVC, TAPSE and AcT (Table 2).
Additional correlations between HRV indices and NT-proBNP level are also consistent. Lo-
gistic regression analysis confirmed that the increase in SDNN values was associated with
better echocardiography-derived indices of RV function and lower values of NT-proBNP
(in contrast, worse echocardiographic parameters and increased NT-proBNP concentration
were associated with lower SDNN values). It is a novel finding, and to our knowledge, has
not yet been described in the literature regarding APE.

Most of the HRV parameters, including SDNN and SDANN, are assumed to express
mainly sympathetic nervous system activity, whereas RMSSD and pNN50 were found to
reflect rather the parasympathetic composition of the cANS [2,4]. Considering that in our
study the relationship between the tested HRV parameters and APE risk status reached
statistical significance, there is a need for further research in this area. Our results might
indicate the prominent role of relative parasympathetic dysfunction in the course of APE.

6. Limitations

Our study also has several limitations. First, our study cohort consisted of only few
individuals with high risk APE (we excluded them from the statistical analysis). Second,
we observed a relatively good clinical status of patients with intermediate–high risk APE.
It might have been a reason for the inconclusive incidence of arrhythmia and undetected
syncope in the severe phase of APE during our observation, as well as the unclear results
of comparison between different HRV parameters in both analyzed risk groups. Third,
the relationship between HRV and echocardiographic markers of RV overload reached
statistical significance, but there is no proven causality between them, which makes their
results hypothesis-generating. Moreover, it remains unclear whether more and stronger
associations between HRV parameters and APE prognosis could be found in larger study
cohorts, with more representative proportions of individual APE risk categories, especially
with more patients at high risk. Fourth, the observation time was short, up to 24–48 h
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after admission, with no follow-up in our protocol. Therefore, it is not possible to predict
adverse events in the long-term. Fifth, in our analysis, we skipped the assessment of cardiac
troponins because during the study the methods of laboratory assessment in our center, and
thus, normal values changed (standard high-sensitive troponins). Sixth, another possible
limitation is the lack of frequency-domain (power spectral) HRV analysis. However, we
are convinced that well-performed time-domain HRV is sufficient for the first line cANS
function evaluation. In addition, frequency-domain analysis should be performed under
controlled registration conditions, preferably in a laboratory, similar for all patients, which
was not possible and planned in our study protocol. It is important to take into account
that all the conditions, such as concomitant clinical diseases, medications taken or the time
of admission of the patient to the ward, will have a significant impact on the results of such
an analysis and will make the interpretation of the results difficult and error-prone.

7. Conclusions

We revealed a significant association between time-domain HRV parameters and
echocardiographic, as well as biochemical signs of RV overload. Moreover, some HRV pa-
rameters were associated with the clinical risk classification of APE, differing significantly
between groups with intermediate and low risk of early mortality. As Holter monitoring
with HRV analysis is an easy-to-obtain and cost-effective diagnostic method, our obser-
vations indicate the need for further evaluation to determine the clinical significance and
standardization of HRV analysis in patients with acute pulmonary embolism.
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22. Radochońska, J.; Lisicka, M.; Bienias, P. The purpose of electrocardiography in acute and chronic diseases with right ventricular
involvement. Folia Cardiol. 2019, 14, 572–582. [CrossRef]

23. Keller, K.; Beule, J.; Balzer, J.O.; Dippold, W. Syncope and collapse in acute pulmonary embolism. Am. J. Emerg. Med. 2016, 34, 1251–1257.
[CrossRef] [PubMed]

24. Liesching, T.; O’Brien, A. Significance of a syncopal event. Pulmonary embolism. Postgrad. Med. 2002, 111, 19–20. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

245



Citation: Bun, S.-S.; Heme, N.;

Asarisi, F.; Squara, F.; Scarlatti, D.;

Moceri, P.; Ferrari, E. Prevalence and

Clinical Characteristics of Patients

with Torsades de Pointes

Complicating Acquired

Atrioventricular Block. J. Clin. Med.

2023, 12, 1067. https://doi.org/

10.3390/jcm12031067

Academic Editors: Paweł T. Matusik

and Christian Sohns

Received: 22 December 2022

Revised: 24 January 2023

Accepted: 25 January 2023

Published: 30 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Prevalence and Clinical Characteristics of Patients
with Torsades de Pointes Complicating Acquired
Atrioventricular Block

Sok-Sithikun Bun *, Nathan Heme, Florian Asarisi, Fabien Squara, Didier Scarlatti, Pamela Moceri

and Emile Ferrari

Faculty of Medicine, Pasteur University Hospital, 06000 Nice, France
* Correspondence: sithi.bun@gmail.com

Abstract: Background: Female gender, degree of QT prolongation, and genetic susceptibility are
known risk factors for developing torsades de pointes (TdP) during high-grade atrioventricular
block (HG-AVB). Our objective was to analyze the prevalence and clinical characteristics of patients
presenting with TdP and AVB (TdP [+]) in comparison with non-TdP patients with AVB (TdP [−]).
Methods: All the ECGs from patients prospectively admitted for AVB (2 to 1, HG, and complete) at the
University Hospital of Nice were analyzed. Automated corrected QT (QTc), manual measurements
of QT and JT intervals, and Tpeak-to-end were performed at the time of the most severe bradycar-
dia. Results: From September 2020 to November 2021, 100 patients were admitted for HG-AVB.
Among them, 17 patients with TdP were identified (8 men; 81 ± 10 years). No differences could
be identified concerning automated QTc, manual QTc (Bazett correction), baseline QRS width, or
mean left ventricular ejection fraction between the two groups. Potassium serum level on admission
and mean number of QT-prolonging drugs per patient were not significantly different between the
two groups, respectively: 4.34 ± 0.5 mmol/L in TdP [+] versus 4.52 ± 0.6 mmol/L (p = 0.33); and
0.6 ± 0.7 in TdP [+] versus 0.3 ± 0.5 (p = 0.15). In contrast, manual QTcFR (Fridericia correction),
JT (Fridericia correction), Tpeak-to-end, and Tpe/QT ratio were significantly increased in the TdP
[+] group, respectively: 486 ± 70 ms versus 456 ± 53 ms (p = 0.04); 433 ± 98 ms versus 381 ± 80 ms
(p = 0.02); 153 ± 57 ms versus 110 ± 40 ms (p < 0.001); and 0.27 ± 0.08 versus 0.22 ± 0.06 (p < 0.001).
Conclusions: The incidence of TdP complicating acquired AVB was 17%. Longer QTcFR, JT, and
Tpeak-to-end were significantly increased in the case of TdP but also in the presence of permanent
AVB during the hospitalization.

Keywords: atrioventricular block; torsades de pointes; QT interval

1. Introduction

Torsades de pointes (TdP) are a specific form of polymorphic ventricular tachycardia
that is preceded by QT interval prolongation and occurs in a variety of conditions [1]. TdP
is a known but uncommon complication of atrioventricular block (AVB) and may recur in
some patients, even after permanent cardiac pacing [2]. Female gender [3], degree of QT
prolongation [4], and genetic susceptibility [5] are all known risk factors for developing
TdP during acquired AVB. While electrocardiographic (ECG) parameters predicting the
occurrence of TdP have been well described, little is known about the clinical characteristics
of the patients presenting with this life-threatening complication. Identifying predisposing
factors for developing TdP may help in better discriminating a higher-risk group and
avoiding any recurrence of TdP.

Our objective was to analyze the prevalence, clinical, and ECG characteristics of
patients prospectively admitted for AVB and TdP (TdP [+] group) in comparison with
non-TdP patients (TdP [−] group).
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2. Materials and Methods

All the patients admitted at the University Hospital of Nice for acquired AVB were
prospectively included in this study, and their electrocardiograms (ECGs) were systemati-
cally collected. The cohort included patients presenting with 2 to 1, high grade (HG), and
complete AVB leading to bradycardia that was severe enough to justify hospital admission.
The patients with the following forms of AVB were excluded from this study: AVB in
the setting of acute myocardial infarction, drug toxicity, or vagally mediated episodes.
All the patients underwent continuous cardiac monitoring during their hospitalization
stay, until pacemaker implantation (if needed). The ECG tracings (12 lead surface and
telemonitoring during hospitalization) were reviewed by one experienced electrophys-
iologist (S.-S.B.). AVB was classified as permanent in this study if complete AVB was
observed throughout the hospitalization stay during cardiac monitoring, or intermittent if
complete AVB was observed in alternation with 1:1 conduction (eventually facilitated by
isoproterenol infusion).

TdP was defined as polymorphic ventricular tachycardia (faster than 120 beats per
minute and at least three consecutive QRS complexes originating from the ventricles), with
axis rotation and variable QRS complex amplitudes. Patients were assigned to the TdP
[+] group if more than 10 TdP beats were recorded during telemetry. The clinical and
electrocardiographic characteristics of the patients were analyzed, as well as the number of
QT prolonging agents and potassium serum level on admission. ECGs were recorded at
a gain of 10 mm/mV and a paper speed of 25 mm/s. Automated corrected QT intervals
(QTcAUTO) were collected, and manual measurements of the following intervals were
performed at the time of the most severe bradycardia: RR, QT, JT, and Tpeak-to-end
intervals (Figure 1). For manual measurements, QT intervals were measured from the
onset of the QRS complex to the end of the T wave, which was defined as the point of its
merger with the isoelectric line. QTc is the QT for the heart rate using the Bazett formula
(QTc = QT/square root of RR) [6], whereas QTcFR uses the Fridericia heart rate correction
formula [7]. T peak-to-end was measured from the summit of the T wave to the end of
the QT interval. These intervals were determined as a mean value derived from three
consecutive cardiac cycles. Both QT, JT, and Tpeak-to-end intervals were measured in the
ECG leads with the longest value. Corrected (JTc) is the JT interval for the heart rate with
the Fridericia formula correction.

 

Figure 1. Method of manual measurement for QT, JT, and Tpeak-to-end intervals at the moment of
most severe bradycardia.

This study was approved by the Institutional Review Board. According to our institu-
tional guidelines, all patients gave written informed consent for the pacemaker implant
(if needed).
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Statistical Analysis

The statistical analysis was performed using Excel (San Diego, CA, USA). Categorical
variables are described as numbers and percentages. Continuous variables are described
as mean ± SD for normal distributions or median for a range for non-normal distributed.
Between-group differences in categorical variables were compared using a chi-squared
test. Differences between continuous variables were compared using a Student’s t test.
To test whether different variables were influencing the occurrence of TdP, a binary lo-
gistic regression was performed with TdP as the dependent variable and other variables
as covariates.

3. Results

From September 2020 to November 2021, 100 patients were admitted for HG or com-
plete AVB in our institution. Among them, 17 patients (17%) with TdP were identified
(8 men; 81 ± 9 years). A total of 13 out of 17 patients presented with several episodes
of TdP (76%). An example is shown in Figure 2. Arterial hypertension was present in
10/17 (59%), with a mean left ventricular ejection fraction = 57 ± 6%. A comparison with
the other patients admitted with complete AVB but without TdP is shown in Table 1. No
clinical characteristics could distinguish patients presenting with TdP complicating AVB,
in comparison with other patients admitted without TdP [−], except concerning the inter-
mittent nature of AVB. Permanent AVB during the hospitalization stay was statistically
more prevalent in TdP [+] patients (14 out of 17, 83%) versus 43/83 (52%) in TdP [−],
p = 0.02. Two patients (12%) in TdP [+] elicited a pause-dependent (phase 4) AVB mecha-
nism versus 12 (14%) in TdP [−], p = 0.77 [8].

Figure 2. Twelve-lead ECG from an 82-year-old female patient admitted to the emergency department
for syncope with brain trauma. The initial ECG shows atrial fibrillation with complete atrioventricular
block and ventricular escape rhythm (with right bundle branch block morphology) and salvos of
torsades de pointes. The initial episode required urgent electrical cardioversion.
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Table 1. Characteristics of patients with TdP.

TdP [+]
(n = 17)

TdP [−]
(n = 83)

p-Value

Age (years) 81 ± 10 (57–94) 83 ± 12 (14–102) 0.62
Men, n (%) 8 (47) 46 (55) 0.72

Arterial hypertension, n (%) 10 (59) 56 (67) 0.13
Syncope, n (%) 13 (76) 46 (55) 0.11

Permanent AVB, n (%) 14 (82) 43 (51) 0.02
LVEF (%) 57 ± 6 55 ± 8 0.73

eGFR (mL/min/1.73 m2) 54 ± 29 56 ± 25 0.77
Mean QRS duration (ms) 119 ± 24 118 ± 33 0.86

QTcAUTO (ms) 479 ± 55 465 ± 51 0.31
R-R interval (ms) 1414 ± 429 1360 ± 408 0.62

Heart rate (beats per min) 46 ± 14 49 ± 17 0.58
QTc interval (ms) 462 ± 64 438 ± 55 0.11

QTcFR interval (ms) 486 ± 70 456 ± 53 0.045
JTc interval (ms) 433 ± 98 381 ± 80 0.023

Tpeak-to-end interval (ms) 153 ± 57 110 ± 40 0.0003
Tpe/QT ratio 0.27 ± 0.08 0.22 ± 0.06 0.0005

No differences could be identified between the two groups concerning QTcAUTO,
baseline QRS width, or mean left ventricular ejection fraction. Potassium serum level on ad-
mission and mean number of QT-prolonging drugs (Supplementary Materials) per patient
were not significantly different between the two groups, respectively: 4.34 ± 0.5 mmol/L
in group TdP [+] versus 4.53 ± 0.6 mmol/L (p = 0.13) and 0.57 ± 0.7 in group TdP [+] versus
0.34 ± 0.5 (p = 0.13). QTc, QTcFR, the JTc interval, and Tpeak-to-end were significantly
prolonged in the TdP group in comparison with the TdP [-] group (Figure 3). Univariable
analysis with logistic regression was statistically significant for the presence of permanent
AVB during hospitalization, QTcFR, Tpeak-to-end, and Tpeak-to-end/QT (Table 2). QTc
was an independent predictor of TdP in a logistic regression model using age, gender, the
presence of permanent AVB, the R-R interval, and Tpeak-to-end as covariates (p = 0.04).

 

Figure 3. Box plots of corrected QT with Bazett’s formula (upper left), Fridericia’s formula
(upper right), the JTc interval (lower left), and Tpeak-to-end (lower right) between the two groups.
Bold, significant on statistical analysis.
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Table 2. Summary of univariable and multivariable analysis (logistic regression) with TdP.

Odds Ratio
95% Confidence Intervals

p-Value

Univariable analysis

Age (for a 10 year increase) 1.11 (0.70–1.66) 0.62
Female gender 1.44 (0.50–4.19) 0.5

Permanent AVB † 4.44 (1.33–20.3) 0.02
Potassium serum level on admission (+0.1 mmol/L) 1.06 (0.96–1.19) 0.26

Number of QT prolonging drugs (+ 0.1) 0.93 (0.85–1.03) 0.17
Mean QRS duration (+10 ms) 1.02 (0.86–1.21) 0.82

R-R interval (+100 ms) 0.96 (0.85–1.08) 0.48
Heart rate (+10 bpm) 1.01 (0.98–1.05) 0.47

Corrected QT (Bazett) (+10 ms) 1.08 (0.99–1.18) 0.09
Corrected QT (Fridericia) (+10 ms) 1.09 (1.00–1.19) 0.05
Corrected JT (Fridericia) (+10 ms) 1.06 (0.99–1.15) 0.09

Tpeak-to-end (+10 ms) 1.20 (1.07–1.35) <0.01
Tpeak-Tend/QT (+0.01) 1.14 (1.04–1.26) <0.01

Multivariable analysis

Age (for a 10 year increase) 0.99 (0.95–1.04) 0.92
Female gender 1.79 (0.64–5.22) 0.27

Permanent AVB † 2.51 (0.8–7.69) 0.71
R-R interval (+100 ms) 1.00 (0.99–1.00) 0.46

Corrected QT (Bazett) (+10 ms) 0.99 (0.98–0.99) 0.04
Tpeak-to-end (+10 ms) 0.98 (0.97–0.99) <0.01

All electrocardiographic parameters refer to values during an atrioventricular block. † in comparison to intermit-
tent AVB.

4. Discussion

4.1. Prevalence of TdP in Patients with Atrioventricular Block

Available data are sparse concerning the prevalence of TdP in AVB patients, reaching
11% in older reports [2]. In this initial report describing ventricular tachycardia-ventricular
fibrillation (and not TdP), the proportion could rise to 30% in the case of permanent AVB,
as compared to partial AVB (4%). Later, Cho et al. reported a prevalence of TdP of around
2.2% in a recent retrospective study including 898 AVB patients from three tertiary hospitals
over a 20 year period [9]. In this retrospective study, the authors excluded at least one third
of the initial cohort of patients with TdP for various reasons: drug-induced QT prolon-
gation, electrolyte disturbance, TdP during pacing rhythm, or absence of baseline ECG.
Our study reports a prevalence of TdP (17%) complicating AVB in a tertiary medium- to
high-volume center. This is in line with the most recent study, which reported an incidence
rate of 25% of TdP in their retrospective cohort (100 patients), 12.6% of TdP in a cohort of
87 patients admitted with AVB in the prospective group, and a final prevalence of 18.8%
among a pooled number of 250 patients from three distinct cohorts [4]. These variations
may also be attributed to the classification of the patients: QT-prolonging agents were ex-
cluded in previous reports, whereas patients taking QT-prolonging drugs were included in
our analysis.

4.2. Clinical Characteristics of Patients with TdP and Atrioventricular Block

As reported in early observations, TdP may be associated with Adams–Stokes seizures
in addition to syncopal episodes related to the asystole itself [2]. This may produce another
aggravating situation for trauma to occur at initial presentation. The observation of TdP
during AVB may suggest the possibility of prompt management of AVB using a temporary
pacing lead or externalized reusable permanent pacemaker (in the case of drug toxicity
inducing QT prolongation, for example, allowing time for drug wash-out) [10,11]. There
are no current recommendations for pacing programming after implantation in patients
with TdP during AVB at presentation. It has been reported that TdP may recur in these
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patients even after permanent cardiac pacing, with the necessity for increasing the lower
pacing rate from 60 to 80 or 90 beats/min, and eventually, adding a β-blocking agent.
Identifying predisposing factors for developing TdP may help in better discriminating
a higher-risk group and avoiding any recurrence of TdP, for instance, by anticipating
pacemaker programming.

Another concern should be the development of pacing-induced cardiomyopathy
and the likelihood of ventricular arrhythmia recurrence in patients with initial TdP on
admission [12]. It is also not known whether conduction system pacing could represent a
better strategy in this subgroup of patients with TdP complicating AVB by avoiding any
recurrence during long-term pacing [13].

The majority of studies published in the literature focused on ECG features that could
predict the occurrence of TdP during acquired AVB, but few studies exist on the clinical
characteristics associated with TdP. In our study, no significant differences concerning the
clinical features could be found between the two groups. Other parameters such as serum
potassium level, renal function, or the number of QT-prolonging agents at the time of TdP
were also not different between the two groups. Cho et al. did not find any difference in
clinical data (hypertension or diabetes mellitus) in the TdP patients when compared to the
control group [9]. In our study, there were more syncopal episodes in the TdP [+] group,
but without reaching statistical significance (p = 0.11). Finally, the most discriminant factor
was the presence of permanent AVB at presentation, which was significantly increased in
the TdP [+] group as compared to the TdP [−] group (p = 0.02). In previous studies, female
gender was found to be an independent risk factor for TdP occurrence; this was not the
case in our study [4].

4.3. ECG Predictors of TdP in Atrioventricular Block Patients

Different QTc cut-off values (that predicted the occurrence of TdP) have been reported
in the literature (Table 3), ranging from 440 to 565 ms. This wide range of values may
be explained by several factors. The method of QT measurement may vary from one
study to another. For instance, the correction of the QT interval using the Bazett formula
was the most frequently used correction in the majority of the studies concerning TdP
complicating AVB. Noteworthily, limitations of QTc with the Bazett formula at slow rates
have also been demonstrated, with higher performance of the Fridericia formula during
bradycardia [14,15]. The measurements were usually performed by a single operator,
except in the study by Cho et al., with very low inter-observer variability. In our study,
one electrophysiologist performed the QT measurements to limit inter-observer variability,
but QT automatic measurements were also performed [9]. Automatic QT measurements
have been shown to be accurate with high agreement when compared to manual mea-
surements [16,17]. In contrast with previous reports, QTc and QTcAUTO values were not
statistically different between the two groups in our study, but only QTcFR. Concerning the
other ECG parameters, our findings were in total agreement with previously published
studies, with JT interval and Tpeak-to-end values being significantly increased in the TdP
[+] group [18]. The JT interval and the J-Tpeak have been reported to be a more reliable
marker of the torsadogenic risk in patients with long QT syndrome, ventricular conduction
defect, or in receiving a QT prolongating agent [19–21].
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Table 3. Summary of published studies of ECG parameters in TdP patients during AVB.

Author
Design

Number of
TdP [+]/TdP [−]

Parameter TdP [+] TdP [−]

Strasberg B, 1986 [22] Retrospective 9 vs. 12 QTc (ms) 510 ± 60 * 400 ± 40

Moroe K, 1988 [23] Retrospective 6 vs. 9 QTc (ms) 580 ± 112 * 459 ± 37

Kurita T, 1992 [24] Retrospective 6 vs. 8 QTc (ms) 585 ± 45 * 476 ± 58

Subbiah, 2010 [5] Retrospective 11 vs. 33 QTc (ms)
Tpeak-to-end (ms)

440 ± 93 *
147 ± 25 *

376 ± 40
94 ± 25

Cho MS, 2015 [9] Retrospective
20 vs. 80

QT (ms)
Tpeak-to-end (ms)

Tpe/QT

716.4 ± 98.9 *
334.2 ± 59.1 *
0.49 ± 0.09 *

523.2 ± 91.3
144 ± 73.7
0.27 ± 0.11

Chorin, 2017 [4] Retrospective and prospective
47 vs. 203 QTc (ms) 564 ± 81 * 422 ± 62

Our series, 2023 Prospective 17 vs. 83

QTcFR (ms)
Tpeak-to-end (ms)

Tpe/QT
JTc (ms)

486 ± 70 *
160 ± 57 *

0.29 ± 0.08 *
437 ± 89 *

456 ± 53
106 ± 35

0.21 ± 0.06
375 ± 71

* Variables are statistically significant in comparison with TdP [−] group.

4.4. Limitations

This is a monocentric study with a limited number of patients, but its prospective
nature provided some new information about the expected prevalence of TdP complicating
acquired AVB. Genetic testing was not systematically performed in our elderly TdP [+]
group. Recent studies [5,25] found that the presence of a genetic disposition ranged from
17 to 36%. Chevalier et al. found 17% of HERG mutations only in patients with a QT
interval above 600 ms and AVB. Of note, our TdP [+] patients were discharged with a list
of medications that were contraindicated in the long QT syndrome.

5. Conclusions

The prevalence of TdP complicating acquired AVB was 17%. Longer QTcFR, increased
JT interval, and Tpeak-to-end were electrocardiographic predictors of TdP. The presence of
permanent AVB was more likely associated with TdP in comparison with intermittent AVB
at initial presentation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12031067/s1, Table S1: Usual treatments favoring QT prolongation
in the TdP [+] group.
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Abstract: Background: Postoperative atrial fibrillation (POAF) is the most common complication after
cardiac surgery; it is associated with morbidity and mortality. We undertook this review to compare
the effects of rhythm vs. rate control in this population. Methods: We searched MEDLINE, Embase
and CENTRAL to March 2023. We included randomized trials and observational studies comparing
rhythm to rate control in cardiac surgery patients with POAF. We used a random-effects model to
meta-analyze data and rated the quality of evidence using GRADE. Results: From 8,110 citations,
we identified 8 randomized trials (990 patients). Drug regimens used for rhythm control included
amiodarone in four trials, other class III anti-arrhythmics in one trial, class I anti-arrhythmics in
four trials and either a class I or III anti-arrhythmic in one trial. Rhythm control compared to rate
control did not result in a significant difference in length of stay (mean difference −0.8 days; 95% CI
−3.0 to +1.4, I2 = 97%), AF recurrence within 1 week (130 events; risk ratio [RR] 1.1; 95%CI 0.6–1.9,
I2 = 54%), AF recurrence up to 1 month (37 events; RR 0.9; 95%CI 0.5–1.8, I2 = 0%), AF recurrence up
to 3 months (10 events; RR 1.0; 95%CI 0.3–3.4, I2 = 0%) or mortality (25 events; RR 1.6; 95%CI 0.7–3.5,
I2 = 0%). Effect measures from seven observational studies (1428 patients) did not differ appreciably
from those in randomized trials. Conclusions: Although atrial fibrillation is common after cardiac
surgery, limited low-quality data guide its management. Limited available evidence suggests no clear
advantage to either rhythm or rate control. A large-scale randomized trial is needed to inform this
important clinical question.

Keywords: rhythm control; rate control; atrial fibrillation; cardiac surgery; length of stay

1. Introduction

Annually, over half a million adults undergo cardiac surgery in North America [1].
These numbers are expected to increase as the global burden of cardiovascular disease
grows [2,3]. Atrial fibrillation (AF) is the most common complication after cardiac surgery;
postoperative AF (POAF) occurs in up to 40% of patients [4]. Patients who experience
POAF are more likely to have adverse events, including up to a fourfold increase in the
odds of stroke and a doubling in the odds of death [4–6]. Patients with POAF spend, on
average, an additional 48 h in the intensive care unit, 3 more days in the hospital, and have
a 30% greater chance of hospital readmission in the 30 days after surgery [5–8].

Two strategies are used to manage POAF: rhythm and rate control. Rhythm control fo-
cuses on restoring sinus rhythm with anti-arrhythmic drugs (most commonly amiodarone)
or electrical cardioversion. Rate control uses one or more negative chronotropic drugs to
control ventricular rate. The optimal strategy remains unclear [9–11]. Guidelines issued
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by the Canadian Cardiovascular Society (CCS), the European Society of Cardiology (ESC),
the Cardiac Society of Australia and New Zealand, and the European Association for
Cardio-Thoracic Surgery (EACTS) have all addressed the issue of rhythm vs. rate control
after cardiac surgery, with differing conclusions [9–12].

This systematic review and meta-analysis aimed to synthesize all of the evidence
(randomized trials and observational studies) on the safety and efficacy of a rhythm control
strategy as compared to a rate control strategy in adult patients without a history of AF
who developed POAF after cardiac surgery.

2. Materials and Methods

We registered the protocol with PROSPERO (2021 CRD42021259249). Supplementary
File S1 lists the differences between the registered protocol and the final manuscript. This
systematic review adheres to Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [13].

2.1. Eligibility Criteria

We searched for published randomized trials and observational studies comparing a
rhythm control to a rate control strategy in cardiac surgery patients who developed POAF
after cardiac surgery. We included studies if they reported at least one of the predetermined
outcomes of interest. Rhythm control was defined by the use of an anti-arrhythmic drug
(i.e., a class I or III agent, including amiodarone) or electrical cardioversion, irrespective
of the use of rate-controlling agents. Rate control was defined as a strategy based on any
of beta blockers, non-dihydropyridine calcium channel blockers or digoxin. We did not
place restrictions on language and considered both full texts and studies published only
as abstracts.

2.2. Search Methods

We searched MEDLINE, Embase and CENTRAL from inception to March 2023. We also
screened trial registries and contacted experts to identify additional studies. We designed a
search strategy and reviewed it with a librarian to capture pharmacologic rhythm control
with a class I or III anti-arrhythmic agent, electrical cardioversion, and pharmacologic rate
control with beta blockers, non-dihydropyridine calcium channel blockers or digoxin. We
present the search strategy in Supplementary File S2.

2.3. Selection of Studies

We selected studies using Covidence Systematic review software (Veritas Health
Innovation, Melbourne, VIC, Australia). Two reviewers screened titles and abstracts inde-
pendently and in duplicate and retrieved full-text reports for all items deemed potentially
relevant by either reviewer. Subsequently, two authors independently compared full-text
reports against eligibility criteria. We resolved any disagreements through discussion with
the senior author.

2.4. Data Extraction

We abstracted descriptive data (e.g., patient population, intervention, comparator)
from selected studies. Outcomes of interest were length of the index hospital stay, hospital
readmission, new or worsening heart failure, days out of hospital, quality of life, free-
dom from AF (within 1 week, up to 1 month, and up to 3 months), bleeding, myocardial
infarction, mortality, and stroke. We used studies’ definitions for clinical outcomes. Two re-
viewers independently and in duplicate extracted data using pre-designed data collection
forms. We resolved disagreements through discussion with the senior author.

2.5. Risk of Bias

We assessed risk of bias in randomized trials using the Cochrane Risk of Bias 2
(RoB 2) tool [14]. We independently assessed the following domains in duplicate: (i)
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random sequence generation; (ii) allocation concealment; (iii) blinding of study participants,
personnel, and outcome assessors; (iv) incomplete outcome data (we considered ≥ 20%
missing data at high risk of bias); and (v) performance bias. We compared the assessments
and discussed them to resolve disagreements. For analysis and presentation purposes, we
dichotomized risk of bias as high (or likely high) or low (or likely low). We categorized a
trial as high risk of bias if it was at risk of selection, performance, detection, or reporting
bias for that outcome.

We assessed risk of bias in observational studies using the Cochrane-endorsed CLAR-
ITY tool [15]. We rated the risk of bias in studies as low, moderate, serious, or critical across
seven domains: (i) bias due to confounding; (ii) selection of patients into the study; (iii)
classification of the intervention; (iv) bias due to deviations from the intended intervention;
(v) missing data; (vi) measurement of outcomes; and (vii) selection of reported results [15].

2.6. Statistical Analysis

We analyzed randomized trials and observational studies separately. We used mean
difference (MD) as the standard measure of association for length of the index hospital stay
and risk ratios (RRs) for all other clinical outcomes. We present 95% confidence intervals
(CI) around estimates of effect. We assessed clinical and methodological heterogeneity
based on study characteristics. We transformed the median and a measure of dispersion to
mean and standard deviation for our meta-analyses, assuming a normal distribution [16].
We measured statistical heterogeneity using the I2 statistic. We considered an I2 greater
than 50% as showing substantial heterogeneity [17]. We used RevMan 5.3 (The Cochrane
Collaboration, Denmark) to combine data quantitatively. We decided a priori to use a
random-effects model with Mantel–Haenszel weighting because it is conservative, and
we expected clinical and methodological heterogeneity. We analyzed according to the
participant’s first assigned group (intention-to-treat principle) in randomized trials where
participants crossed over to the other treatment. We considered two-sided p-values < 0.05
to be statistically significant.

We performed pre-specified subgroup analyses comparing studies in which partic-
ipants received amiodarone-based rhythm control to those in which they received other
regimens (Supplementary File S3). We evaluated for interaction between subgroups and
treatment effect and reported p-values.

2.7. Quality Assessment

We assessed the quality of evidence using the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) approach [18]. We appraised our confidence in
the estimates of effects by considering risk of bias in individual studies, directness of the
evidence, precision of effect estimates for individual clinical outcomes, heterogeneity of the
data and potential for publication bias.

3. Results

3.1. Selection of Included Studies

From 8110 citations, we identified eight randomized trials that evaluated 10 different
rhythm control regimens and included a total of 990 patients [19–26]. Table 1 outlines the
characteristics of the included trials. Supplementary File S4 outlines the study selection
process. Drug regimens used for rhythm control included amiodarone in four trials, other
class III anti-arrhythmics in one trial, class I anti-arrhythmics in four trials and either a class I
or III anti-arrhythmic in one trial. For rate control, four trials permitted choice between beta
blockers, calcium channel blockers or digoxin, one trial allowed choice between calcium
channel blockers or digoxin, one trial used beta blockers alone, one trial used calcium
channel blockers alone and one trial used digoxin alone. Supplementary file S5 describes
the rhythm monitoring methods that were used in each trial.
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We identified seven observational studies that included a total of 1428 patients
(Supplementary File S6) [27–33]. For rhythm control, five studies used amiodarone while
two studies permitted choice between a class I or III anti-arrhythmic. For rate control,
two studies allowed choice between beta blockers, calcium channel blockers or digoxin,
one study permitted choice between beta blockers or digoxin, one study allowed choice
between beta blockers or calcium channel blockers, two studies used digoxin alone and
one study used beta blockers alone.

3.2. Risk of Bias Assessment

We outline judgments about risk of bias in included studies in Supplementary Files
S7–S9. Only one out of eight randomized trials reported blinding of participants and
personnel and blinding of outcome assessment [20,23]. We judged risks of bias related to
randomization, allocation, incomplete outcome data, and selective reporting as either low
or likely low in all studies. All observational studies had serious or moderate risk of bias.

4. Outcomes

4.1. Data from Randomized Trials

Compared to rate control, rhythm control did not result in a significant reduction in
length of stay (Table 2, Figure 1, Supplementary file S3). There was no statistical evidence
of a subgroup effect on length of stay between studies that used amiodarone-based and
non-amiodarone-based rhythm control. We rated the quality of evidence for this outcome
as very low due to its skewed distribution, imprecision, inconsistency and risk of bias
(Supplementary Files S7, S9, and S10).

Table 2. Summary of length of stay and subgroup analyses for the comparison of rhythm vs.
rate control.

Group
N Studies

(References)

Total
Patients

Mean Length of Stay in Days+/−
Standard Deviation MeanDifference

(95%CI)
p-Value I2n

Quality of Evidence
Reason for Judgement

(Supplementary Files S7,
S9a–h and S10)

Rhythm
Control

Rate Control

All trials 5
[20–22,25,26] 815 6.6 ± 0.7 6.3 ± 0.7 −0.8 days

(−3.0 to +1.4) 0.47 97% Very low
Skewed distribution, risk of

bias, imprecisionAmiodarone-based
rhythm control 3 [20,24,25] 723 6.1 ± 0.6 5.7 ± 0.6 0.5 days

(−1.5 to +2.5) 0.63 95%

Nonamiodarone-
based rhythm

control
2 [21,22] 92 9.8 ± 1.3 12.6 ± 1.3 −3.1 days

(−6.2 to +0.1) 0.06 64%

No significant subgroup differences for length of stay (p = 0.06).

Figure 1. Length of stay in randomized trials. Forest plot displaying an inverse-variance weighted
random-effects meta-analysis comparing rhythm and rate control on length of the index hospital
stay in days (mean difference). Columns of data are displayed in the plot for all figures. The drugs
and dosages in each trial are documented in Table 1 for all figures. We used studies’ definitions for
clinical outcomes for all figures. The size of data markers indicates the weight of the study in all
figures. Error bars indicate 95% CIs for all figures. We used RevMan 5.3 (The Cochrane Collaboration,
Odense, Denmark) to combine data quantitatively for all figures [20–22,25,26].

Compared to rate control, rhythm control did not result in a significant reduction in
AF recurrence within 1 week, up to 1 month or up to 3 months, mortality or stroke (Table 3,
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Figures 2–4, Supplementary File S3). There was no statistical evidence of a subgroup
effect on mortality between studies that used amiodarone-based and non-amiodarone-
based rhythm control. We rated the quality of evidence for most outcomes as low due
to imprecision and risk of bias (Supplementary Files S7, S9 and S10). We rated the qual-
ity of evidence for stroke as very low due to very serious imprecision and risk of bias
(Supplementary Files S7, S9 and S10).

 
(a) 

 
(b) 

(c) 

Figure 2. (a) AF recurrence within 1 week in randomized trials. Forest plot displaying relative risks
calculated using a random-effects model with Mantel-Haenszel weighting comparing rhythm and
rate control on atrial fibrillation recurrence within 1 week. The relative risks were calculated using a
random-effects model with Mantel-Haenszel weighting for all figures [19–26]; (b) AF recurrence up to
1 month in randomized trials. Forest plot displaying relative risks calculated using a random-effects
model with Mantel-Haenszel weighting comparing rhythm and rate control on atrial fibrillation
recurrence up to 1 month [21,25,26]; (c) AF recurrence up to 3 months in randomized trials; Forest plot
displaying relative risks calculated using a random-effects model with Mantel-Haenszel weighting
comparing rhythm and rate control on atrial fibrillation recurrence up to 3 months [21,24,25].

Table 3. Summary of AF recurrence, mortality and stroke and sensitivity analyses for the comparison
of rhythm vs. rate control.

Group N Studies
(References)

Number of Patients with
Events/Number of Patients

at Risk
Relative Risk Quality of Evidence

Reason for Judgement
(Supplementary Files S7, S9 and S10)Rhythm

Control
Rate

Control
Risk Ratio
(95% CI)

p-Value I2

AF recurrence

AF recurrence within
one week 8 [19–26] 79/605 51/451 1.1

(0.6–1.9) 0.76 54% Low
Imprecision, risk of bias

AF recurrence up to
one month 3 [21,25,26] 18/312 19/311 0.9

(0.5–1.8) 0.84 0%
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Table 3. Cont.

Group N Studies
(References)

Number of Patients with
Events/Number of Patients

at Risk
Relative Risk Quality of Evidence

Reason for Judgement
(Supplementary Files S7, S9 and S10)Rhythm

Control
Rate

Control
Risk Ratio
(95% CI)

p-Value I2

AF recurrence up to
three months 3 [21,24,25] 5/348 5/315 1.0

(0.3–3.4) 0.95 0%

Mortality

All studies 5
[20–22,25,26] 16/419 9/396 1.6

(0.7–3.5) 0.24 0%

Amiodarone-based
rhythm control 3 [20,25,26] 14/360 9/363 1.5

(0.7–3.4) 0.33 0% Low
Imprecision, risk of bias

NonAmiodarone-based
rhythm control 2 [21,22] 2/57 0/35 4.3

(0.2–85.0) 0.34 N/A

No significant subgroup differences for mortality (p = 0.51)

Stroke

All studies 3 [22,25,26] 4/297 6/318 0.7
(0.1–4.6) 0.73 44% Very low

Very serious imprecision, risk of bias

 

Figure 3. Mortality in randomized trials. Forest plot displaying relative risks calculated using
a random-effects model with Mantel-Haenszel weighting comparing rhythm and rate control on
mortality as defined by the respective study [20–22,25,26].

Figure 4. Stroke in randomized trials. Forest plot displaying relative risks calculated using a random-
effects model with Mantel-Haenszel weighting comparing rhythm and rate control on stroke as
defined by the respective study [22,25,26].

4.2. Data from Observational Studies

Among observational studies, four studies reported data on length of stay, three studies
reported on AF recurrence within 1 week, two studies reported on AF recurrence up to
1 month, three studies reported on AF recurrence up to 3 months and two studies reported
on mortality. Effect measures from observational studies did not differ appreciably from
those in randomized trials (Supplementary File S5). We rated the quality of evidence for all
outcomes as very low. All outcomes were downgraded due to risk of bias. Length of stay
was downgraded for non-normal distribution. All other outcomes were downgraded for
serious imprecision (Supplementary File S11).

5. Discussion

The current literature, when synthesized, fails to demonstrate significant differences
in length of stay, AF recurrence, mortality or stroke between rhythm and rate control
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strategies for patients with POAF after cardiac surgery. This lack of significant difference is
consistent between studies that used both amiodarone-based and non-amiodarone-based
rhythm control. However, this body of evidence has important limitations. The number of
patients enrolled in trials evaluating rhythm and rate control strategies in postoperative
atrial fibrillation is small, with fewer than 1000 participants in total. Most of these studies
were open-label. Moreover, substantial variability in interventions and follow-up durations
reduced confidence in estimates of effect.

To our knowledge, this systematic review and meta-analysis is the first to compare
rhythm vs. rate control specifically in patients with POAF after cardiac surgery. A 2018 sys-
tematic review of RCTs comparing rhythm to rate control for patients with AF in general only
included one study with POAF [34]. This meta-analysis of 12 studies showed no significant dif-
ference between rhythm and rate control groups for mortality, bleeding, and thromboembolic
events but demonstrated a higher rehospitalization rate with rhythm control [34].

The largest trial in this review was conducted by the Cardiothoracic Surgical Trials
Network from 2014 to 2015; it accounts for 523 of the 990 participants (52.8% of patients,
23.3% of the weight for length of stay) in the meta-analysis [25]. This trial has important
limitations that deserve mention, some of which are highlighted in the 2017 EACTS Guide-
lines [12]. The treatment regimen of this trial included amiodarone for the rhythm control
group and beta blocker/calcium channel blocker or digoxin for the rate control group.
However, both groups received rate control for patients with a heart rate less than 100
and were cardioverted electrically if AF was persistent beyond 24–48 h, which may have
minimized differences in treatment effect. The cross-over rate was very high (25%), and
rhythm status was assessed using intermittent rather than continuous ECG. In addition,
the trial included patients with short episodes of POAF—these low-risk patients may have
obscured benefits seen in higher-risk patients.

As neither rhythm nor rate control is superior for the treatment of POAF in cardiac
surgery patients, both strategies can be considered for the treatment of individual patients.
Both the ESC and CCS guidelines suggest tailoring treatment. The 2020 ESC guidelines
state that “. . . rate or rhythm control treatment decisions should be based on symptoms (Class I
Recommendation, Level A Evidence)”. The 2016 CCS Guidelines state that “choice of strategy
should therefore be individualized on the basis of the degree of symptoms (Strong Recommendation,
Moderate-Quality Evidence)” [9,10]. In contrast, the 2017 EACTS guidelines state that “In
patients with postoperative haemodynamically stable POAF, rhythm control is recommended (Class
I Recommendation, Level B Evidence)” [12].

Our study suggests that large, randomized trials are required to compare rhythm and
rate control for POAF in cardiac surgery patients. Future studies should assess adverse
events and seek to understand clinician, economic and patient values in decision-making.
This review also highlights the lack of data on other important outcomes, such as bleeding,
hospital readmission, new or worsening heart failure, days out of hospital, quality of
life, bleeding and thrombotic events. The International Consortium for Health Outcomes
Measurement has identified these outcomes to be meaningful to both patients and clinicians
and recommends them as standard outcomes for trials in AF [35,36].

6. Strengths and Weaknesses

Our search was comprehensive, using three large trial databases (MEDLINE, Embase,
and CENTRAL) for published data, and we screened trial registries and enquired with
specialists about additional studies. The review was pre-registered and used the GRADE
framework to evaluate the quality of the evidence.

The principal limitations of this review are inherent to the studies that met the eligi-
bility criteria. Variability in intervention types, follow-up periods, drug types, doses and
durations, as well as a high proportion of patients lost to follow-up in the included studies,
may have obscured a signal. It is worth noting that some drugs primarily intended for
rhythm control, such as amiodarone, dronedarone and sotalol, can also have an impact on
reducing ventricular rate during atrial fibrillation. Amiodarone, in particular, has shown
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effectiveness in slowing the ventricular rate in patients with atrial fibrillation and heart
failure who are intolerant to high-dose β-blockade in combination with digoxin or in
whom calcium channel blockers are contraindicated. However, in our review, we focused
exclusively on assessing amiodarone as a rhythm control agent, and its potential role in
acute heart rate control in the context of cardiac surgery was not specifically examined.
Studies reported overall adverse events rather than comparative counts between rhythm
and rate control, which obviated meta-analysis. Included studies ascertained AF recurrence
using 12 lead-ECG and/or short-duration Holter monitoring. Implantable loop recorders
(ILRs) are the most sensitive tool for detecting AF recurrence and have become increas-
ingly used in post-ablation studies. ILRs may have led to detectable differences in AF
recurrence outcomes [37]. Furthermore, since many cardiac surgery patients receive oral
anticoagulation, the risk of thromboembolic events in the perioperative period overall was
low, which may have affected the signal between rhythm and rate control for reducing
thromboembolic events.

7. Conclusions

Currently, limited, low-quality data inform on the efficacy of a rhythm control vs. a rate
control approach for patients with new-onset AF following cardiac surgery. A large-scale
randomized trial is needed to inform this important clinical question.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12134534/s1.

Author Contributions: Conceptualization, M.A., J.S.H. and W.F.M.; Methodology, M.A., Y.Q., P.B.
and W.F.M.; Formal analysis, M.A.; Data curation, B.T., A.W., H.K. and A.I.; Writing—original draft,
M.A.; Writing—review & editing, E.P.B.-C., Y.Q., J.A.W., M.K.W., J.S.H., D.C., P.J.D., R.P.W. and W.F.M.;
Supervision, W.F.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the manuscript and Supplementary Materials.

Acknowledgments: We thank Toru Inami for his assistance in assessing articles written in Japanese;
the members of the McMaster Interdisciplinary Investigative Outcomes Node—Cardiac Sciences,
Intensive Care and Anesthesia (McMaster University), for their methodological support; Jack Young,
MLIS (McMaster Health Sciences Library), for reviewing our search strategy; Stephanie Sanger
(McMaster Health Sciences Library), for assistance with full-text retrieval. They did not receive
compensation for their contributions.

Conflicts of Interest: All authors have completed and submitted the ICMJE Form for Disclosure of
Potential Conflicts of Interest.

Abbreviations and Acronyms

Atrial fibrillation (AF)
Canadian Cardiovascular Society (CCS)
Coronary artery bypass graft (CABG)
Direct current cardioversion (DCCV)
European Society of Cardiology (ESC)
European Association for Cardio-Thoracic Surgery (EACTS)
Given intravenously (IV)

GRADE
(Grading of Recommendations Assessment,
Development and Evaluation)

Postoperative atrial fibrillation (POAF)
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses

(PRISMA)

Taken orally (PO)

263



J. Clin. Med. 2023, 12, 4534

References

1. Writing Group Members; Roger, V.L.; Go, A.S.; Lloyd-Jones, D.M.; Benjamin, E.J.; Berry, J.D.; Borden, W.B.; Bravata, D.M.; Dai, S.;
Ford, E.S.; et al. Heart Disease and Stroke Statistics—2012 Update. Circulation 2012, 125, e2–e220.

2. Yusuf, S.; Reddy, S.; Ounpuu, S.; Anand, S. Global burden of cardiovascular diseases: Part II: Variations in cardiovascular disease
by specific ethnic groups and geographic regions and prevention strategies. Circulation 2001, 104, 2855–2864. [CrossRef]

3. Baghai, M.; Wendler, O.; Grant, S.W.; Goodwin, A.T.; Trivedi, U.; Kendall, S.; Jenkins, D.P. Aortic valve surgery in the UK, trends
in activity and outcomes from a 15-year complete national series. Eur. J. Cardio-Thorac. Surg. 2021, 60, 1353–1357. [CrossRef]
[PubMed]

4. Bessissow, A.; Khan, J.; Devereaux, P.J.; Alvarez-Garcia, J.; Alonso-Coello, P. Postoperative atrial fibrillation in non-cardiac and
cardiac surgery: An overview. J. Thromb. Haemost. 2015, 13 (Suppl. S1), S304–S312. [CrossRef] [PubMed]

5. Eikelboom, R.; Sanjanwala, R.; Le, M.-L.; Yamashita, M.H.; Arora, R.C. Postoperative Atrial Fibrillation after Cardiac Surgery: A
Systematic Review and Meta-Analysis. Ann. Thorac. Surg. 2021, 111, 544–554. [CrossRef] [PubMed]

6. Wang, M.K.; Meyre, P.B.; Heo, R.; Devereaux, P.J.; Birchenough, L.; Whitlock, R.; McIntyre, W.F.; Chen, Y.C.P.; Ali, M.Z.;
Biancari, F.; et al. Short-term and Long-term Risk of Stroke in Patients with Perioperative Atrial Fibrillation after Cardiac Surgery:
Systematic Review and Meta-analysis. CJC Open 2022, 4, 85–96. [CrossRef]

7. Goyal, P.; Kim, M.; Krishnan, U.; Mccullough, S.A.; Cheung, J.W.; Kim, L.K.; Pandey, A.; A Borlaug, B.; Horn, E.M.;
Safford, M.M.; et al. Post-operative atrial fibrillation and risk of heart failure hospitalization. Eur. Heart J. 2022, 43, 2971–2980.
[CrossRef]

8. LaPar, D.J.; Speir, A.M.; Crosby, I.K.; Fonner, E., Jr.; Brown, M.; Rich, J.B.; Quader, M.; Kern, J.A.; Kron, I.L.; Ailawadi, G.
Postoperative Atrial Fibrillation Significantly Increases Mortality, Hospital Readmission, and Hospital Costs. Ann. Thorac. Surg.
2014, 98, 527–533. [CrossRef]

9. Macle, L.; Cairns, J.; Leblanc, K.; Tsang, T.; Skanes, A.; Cox, J.L.; Healey, J.S.; Bell, A.; Pilote, L.; Andrade, J.G.; et al. 2016 Focused
Update of the Canadian Cardiovascular Society Guidelines for the Management of Atrial Fibrillation. Can. J. Cardiol. 2016,
32, 1170–1185. [CrossRef]

10. Hindricks, G.; Potpara, T.; Dagres, N.; Arbelo, E.; Bax, J.J.; Blomström-Lundqvist, C.; Boriani, G.; Castella, M.; Dan, G.A.;
Dilaveris, P.E.; et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with
the European Association for Cardio-Thoracic Surgery (EACTS): The Task Force for the diagnosis and management of atrial
fibrillation of the European Society of Cardiology (ESC) Developed with the special contribution of the European Heart Rhythm
Association (EHRA) of the ESC. Eur. Heart J. 2021, 42, 373–498.

11. Brieger, D.; Amerena, J.; Attia, J.; Bajorek, B.; Chan, K.H.; Connell, C.; Freedman, B.; Ferguson, C.; Hall, T.; Haqqani, H.; et al.
National Heart Foundation of Australia and the Cardiac Society of Australia and New Zealand: Australian Clinical Guidelines
for the Diagnosis and Management of Atrial Fibrillation 2018. Heart Lung Circ. 2018, 27, 1209–1266. [CrossRef] [PubMed]

12. Sousa-Uva, M.; Head, S.J.; Milojevic, M.; Collet, J.-P.; Landoni, G.; Castella, M.; Dunning, J.; Gudbjartsson, T.; Linker, N.J.;
Sandoval, E.; et al. 2017 EACTS Guidelines on perioperative medication in adult cardiac surgery. Eur. J. Cardiothorac. Surg. 2018,
53, 5–33. [CrossRef] [PubMed]

13. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. PLoS Med. 2021,
18, e1003583. [CrossRef] [PubMed]
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Dłubis, P.; Wożakowska-Kapłon, B.

Echocardiographic Evaluation of

Atrial Remodelling for the Prognosis

of Maintaining Sinus Rhythm after

Electrical Cardioversion in Patients

with Atrial Fibrillation. J. Clin. Med.

2023, 12, 5158. https://doi.org/

10.3390/jcm12155158

Academic Editors: Christian Sohns,

Paweł T. Matusik and Roberto De

Ponti

Received: 2 May 2023

Revised: 2 August 2023

Accepted: 5 August 2023

Published: 7 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

Echocardiographic Evaluation of Atrial Remodelling for the
Prognosis of Maintaining Sinus Rhythm after Electrical
Cardioversion in Patients with Atrial Fibrillation

Paweł Wałek 1,2,*, Joanna Roskal-Wałek 1,3, Patryk Dłubis 1 and Beata Wożakowska-Kapłon 1,2
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Abstract: Atrial fibrillation (AF) is the most common atrial tachyarrhythmia. One of the methods of
AF treatment is direct current cardioversion (DCCV), but in the long-term follow-up we observe quite
a high percentage of AF recurrences after this procedure. In order to assess the prognosis of DCCV
effectiveness, we use clinical, biochemical and echocardiographic parameters. The objective of this
review is to systematise the current knowledge on echocardiographic measurements in patients with
persistent AF used to assess the progress of remodelling of the atrial wall, which affects the likelihood
of maintaining sinus rhythm after DCCV. In this article, echocardiographic parameters for the
evaluation of remodelling of the atrial wall are divided into groups referring to structural, mechanical,
and electrical remodelling, as well as parameters for the evaluation of left ventricular filling pressure.
The article aims to draw attention to the clinical value of echocardiographic measurements, which
is the selection of patients who will maintain sinus rhythm after DCCV in the long-term follow-up,
which will allow to avoid unnecessary risks associated with the procedure and enable the selection of
the appropriate treatment strategy.

Keywords: atrial fibrillation; tissue Doppler; strain; strain rate; remodelling; echocardiography; cardioversion

1. Introduction

Atrial fibrillation (AF) is the most common atrial tachyarrhythmia. It is estimated
that up to 33.5 million patients may be affected worldwide, which does not include those
with an asymptomatic form of the disease. The prevalence expected in 2030 is more than
15 million Europeans and 12.1 million Americans. It is estimated that 886,000 European
citizens are first diagnosed with AF each year and that one in four adults over the age of 40
will experience AF in their lifetime [1–5].

The most serious complication of atrial fibrillation is arterial embolism of cardiac
origin, including stroke and TIA (transient ischemic attack), with AF one of the main causes.
AF is also associated with the progression of systolic and diastolic heart failure, decreased
quality of life, and increased all-cause mortality [6–8]. Because AF does not always have
obvious symptoms, diagnosis is often a challenge.

The mechanisms leading to the development of atrial fibrillation are not fully under-
stood. The probable cause of AF is considered to be damage to the atrial muscle and the
development of remodelling. Widely described modifiable and non-modifiable risk factors
contribute significantly to this phenomenon. Persistent AF also leads to further damage
and, in consequence, to progressive remodelling [9]. There are currently three main types
of atrial remodelling: electrical, mechanical and structural. Electrical remodelling consists
in shortening the action potential and refractory period of atrial cells, as well as changes in
sarcolemmal sodium ion channels and gap junctions. Mechanical remodelling consists in
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the impairment and dyssynchrony of atrial wall muscle contraction caused mainly by the
replacement of myocardial cells by fibroblasts and fibrous tissue. Structural remodelling is
the enlargement of the atrial cavities. Changes in the structure and function of atrial wall
cells may lead to the induction of atrial fibrillation. Each of these types of remodelling can
be evaluated indirectly by means of echocardiography.

The main goal of AF treatment is to eliminate or reduce the symptoms associated with
arrhythmia and to prevent thromboembolic complications [10]. Reduction of AF symptoms
is achieved by restoring and maintaining sinus rhythm (SR) or by controlling the heart rate.
For this purpose, pharmacotherapy, ablation, or pharmacological or electrical cardioversion
(DCCV–direct current cardioversion) are used [10]. One of the most commonly applied
methods of restoring SR is DCCV, which is characterised by easy performance and low
cost, so it is frequently offered to patients with AF. The effectiveness of cardioversion in
restoring SR in patients with persistent and paroxysmal AF is estimated at 75–88%, while
SR can be maintained for 12 months in 70% of patients [11].

The objective of this review is to systematise the current knowledge on echocar-
diographic measurements in patients with persistent AF used to assess the progress of
remodelling, which affects the likelihood of maintaining sinus rhythm after DCCV. In this
article, echocardiographic parameters for the evaluation of remodelling are divided into
groups referring to structural, mechanical, and electrical remodelling, as well as parameters
for the evaluation of left ventricular filling pressure (Table 1). The article aims to draw
attention to the clinical value of echocardiographic measurements, which is the selection of
patients who will maintain sinus rhythm after DCCV in the long-term follow-up. Appro-
priate selection of patients with persistent AF for an appropriate treatment strategy will
avoid unnecessary risks associated with the procedure.

Table 1. Echocardiographic parameters evaluating atrial remodelling.

Structural Remodelling Mechanical Remodelling Electrical Remodelling

1. Left atrial anteroposterior
diameter (LAAP) 1. Mitral inflow A-wave velocity 1. Total atrial conduction time (TACT) *

2. Left atrial volume (LAV) in the late
systolic phase and left atrial volume in

the late systolic phase indexed with body
surface–left atrial volume index (LAVI).

2. Left and right atrial emptying fraction
(LAEF and RAEF)

3. Right atrial volume (RAV) in the late
systolic phase and right atrial volume in
the late systolic phase indexed with body
surface–right atrial volume index (RAVI).

3. Measurement of mitral inflow velocity
in the LV (Afc)

4. Total atrial conduction time (TACT) *
4. Inflow and outflow velocity in the

appendage of the LA–left atrial
appendage flow velocity (LAAFV)

5. Left and right atrial wall motion
velocity (LAWMV and RAWMV)

6. Left atrial appendage wall motion
velocity (LAAWMV)

7. Left atrial strain and strain rate

* Depends on the size (structural remodelling) and the conduction velocity of the electrical excitation (electrical
remodelling).

2. Material and Methods

In March 2023, an extensive manual search was performed through the major electronic
databases (PubMed, Google Scholar) in order to identify relevant studies published on atrial
remodelling. The following search terms were used: “atrial fibrillation echocardiography”,
“atrial fibrillation remodeling”, “atrial fibrillation cardioversion”, “atrial fibrillation atrial
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strain”, “atrial fibrillation emptying fraction”, “predictors for maintenance of sinus rhythm
after cardioversion, echocardiography”, and “atrial fibrillation recurrence after successful
cardioversion”, in different combinations. With regard to echocardiographic parameters
with prognostic values in the prognosis of sinus rhythm failure after DCCV, original studies
were selected and the latest review articles were included in the analysed reports. A total
of 65 compatible research publications were identified and used to compile this review.

3. Structural Remodelling

Structural remodelling is the final stage of atrial remodelling resulting from preceding
and accompanying electrical and mechanical remodelling. It is not confirmed whether AF
is due to remodelling or remodelling is due to AF, although both mechanisms seem likely.

Parameters for structural remodelling evaluation are rather well described, and their
correlation with the persistence of SR after DCCV has been thoroughly studied. The
most commonly performed measurement is of the left atrium anteroposterior diameter
(LAAP) during TTE (transthoracic echocardiogram). This is the least accurate parameter
for evaluating the size of the left atrium (LA), since the enlargement of the LA is visible in
the top–bottom measurement, so the real size of the LA is often underestimated. Despite
numerous studies, the predictive value of this parameter remains unclear [12–18]. A more
precise measurement of the LA size is the measurement of the left atrial volume (LAV) in
the late systolic phase, indexed with the body surface as the left atrial volume index (LAVI).
It has been shown that patients with recurrent AF have significantly increased LA sizes
compared to those with SR, and that LA enlargement significantly increases the risk of AF
recurrence [16,19–21]. LAVI measurements provide a reliable estimation of LA size. The
introduction of LAVI improved the accuracy of prognosing AF recurrence after effective
DCCV, both during AF and SR [15,22–24]. Compared to LAAP, LAVI has a significantly
higher predictive value in terms of AF recurrence after DCCV [15].

In addition to evaluating the structure of the left atrium, assessment of the right atrium
(RA) is also important. There are data indicating the superiority of the right atrial volume
index (RAVI) over LAVI in evaluating the risk of AF recurrence after DCCV [25]. Atrial
volume can also be measured with contrast computed tomography. The diagnostic value
of such measurements, together with RAVI and LAVI for the evaluation of AF recurrence
after PVI (pulmonary vein isolation), was studied [26]. The results of the study indicate
that determining the ratio of RAVI to LAVI can be a useful and valuable indicator of the
recurrence of arrhythmia [26].

4. Mechanical Remodelling

It is estimated that mechanical and structural remodelling of the LA is caused by
excessive tension of the LA wall, which leads to the replacement of muscle fibres with
connective tissue. Increased tension of the LA wall and a reduced number of muscle
fibres lead to impaired contractility of the LA wall and the wall of its appendage, which
in turn causes a dilation of the LA cavity and a decrease in myocardial velocity. The
degree of mechanical remodelling is correlated with the duration of AF, as well as with
the presence of mitral insufficiency [27]. An increasing number of researchers emphasise
the superiority of parameters for measuring mechanical remodelling over parameters for
measuring structural remodelling in evaluating the chances of maintaining SR in patients
with AF [28–31]. These parameters can be evaluated after DCCV, but parameters during
AF are also available for testing. The ability to assess the likelihood of maintaining SR
prior to performing DCCV is extremely valuable, as it can provide a better assessment
of the patient before qualifying for DCCV or an alternative treatment. In addition to
the prognostic value in terms of AF recurrence after DCCV, some parameters measured
during transoesophageal echocardiography (TEE), such as left atrial appendage wall motion
velocity (LAAWMV) and peak atrial contraction strain (PACS), are also useful for evaluating
the risk of thromboembolic complications in AF patients [32–36].
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Assessment of mechanical remodelling of the LA can be performed using standard
echocardiography, as well as new techniques, such as assessment of deformation of the
LA wall during TEE or TTE. Standard echocardiographic measurements during TTE help
in assessing mechanical remodelling by means of such parameters as LAEF (left atrial
emptying fraction) and RAEF (right atrial emptying fraction), or AFc (left atrial fibrillatory
contraction flow). During a TEE, it is possible to assess LAAFV (left atrial appendage flow
velocity) using pulse Doppler imaging or LAAWMV (left atrial appendage wall motion
velocity) using tissue Doppler imaging. New imaging techniques such as strain and strain
rate allow us to more accurately assess the systolic function of the LA muscle. Strain
and strain rate measurements can be performed by means of tissue Doppler imaging
(TDI), but measurements taken with this technique are prone to error due to its angle
dependence. Strain and strain rate measurements can also be performed by means of
STE (speckle tracking echocardiography), which is free from angle dependence error but
requires better visualisation than TDI. Using strain and strain rate techniques, we can
assess the extensibility and contractility of the left atrial wall, as well as the dispersion of
deformation of the LA walls and local motility disorders of the LA walls.

4.1. Mitral Inflow A-Wave Velocity

With the damage to the atria and the progression of remodelling, the mechanical function
becomes impaired, which leads to a decrease in mitral inflow velocity. Cardioversion can
restore the sinus rhythm, but not necessarily the mechanical function of the atria. The time
to regain correct atrial mechanical function has been linked to several factors, one of which
is the duration of AF [37]. Among the Doppler examination parameters evaluating the flow
through the mitral valve, the A-wave velocity proved to be an independent risk factor for
AF recurrence after DCCV in studies by Spiecker et al. and Grundvold et al. [38,39]. Using
the functions of tissue Doppler imaging, the velocity of the A wave of mitral inflow can
be assessed during TTE after successful cardioversion of atrial fibrillation. In a study by
Spiecker et al., sinus rhythm was restored pharmacologically in 14% of patients and with
DCCV in 77% of patients. Echocardiography was performed up to 4 h after cardioversion
and then on the first, second and third day after restoring SR. In a multivariate regression
analysis, the A-wave velocity of the mitral inflow measured one day after DCCV proved to
be an independent predictor of AF recurrence. In subsequent studies, there was a gradual
increase in the A-wave velocity from the day of cardioversion (mean 44 cm/s) until four
weeks after it (72 cm/s). Patients whose AF duration was less than six weeks demonstrated a
higher A-wave velocity after successful cardioversion. The E-wave mitral inflow velocity was
comparable between patients with maintained SR and with recurrent AF [38]. Grundvold et al.
also described the effect of low A-wave velocities of mitral flow on an increased risk of AF
recurrence after cardioversion. Significantly lower mitral A-wave velocity (≤0.1 m/s) was
reported in the 6-month follow-up in the group of patients with AF recurrence compared to
the group where SR was maintained (≥0.45 m/s). There were no differences in atrial size or
left ventricular function between the groups with recurrent AF and maintained SR [39].

4.2. Left and Right Atrial Emptying Fraction

One of the parameters for evaluation of the mechanical function of the left and right
atria is their emptying fraction. This is the ratio of the volume of blood ejected into the
ventricle during atrial contraction to the volume of blood in the atrium before its contraction.
It is calculated as follows: (LA maximum volume − LA minimum volume)/LA maximum
volume × 100%. It allows for indirect assessment of the atrial contractility and the degree
of progression of mechanical remodelling. Higher values of emptying fraction mean a
larger volume of blood transported to the ventricles during ventricular diastole so that less
blood remains in the atria. It is connected with a lower degree of stretching of the atria
and, over a longer period, slower development of structural remodelling, which results
mainly from mechanical remodelling. Mechanical remodelling has a negative effect on
atrial contractility, and studies show that patients with maintained SR after DCCV had
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higher LAEF and RAEF than patients with recurrent AF, and that RAEF and LAEF had
greater prognostic value in evaluating recurrent AF after DCCV than LAVI and RAVI [28].
Until recently, it was believed that atrial contractility during an episode of AF was disturbed
to such an extent that it did not generate an LA emptying volume. Studies show that the
emptying volume is still generated, despite contractility impairment during an episode of
AF. In addition, measurement of the LA emptying fraction during AF has prognostic value
in terms of the maintenance of SR after DCCV [40,41]. Kim et al. presented a method for
evaluating the contractility of LA during an episode of AF, which consists in measuring the
wave of mitral inflow to the LV that occurs between successive E waves of mitral inflow.
This parameter was called Afc (atrial fibrillatory contraction flow), and it is assumed that
the larger the Afc wave, the better the contractility of LA is preserved (Figure 1) [41]. Based
on these analyses, the authors concluded that the velocity time integral of the Afc wave
and its velocity predict AF recurrence after DCCV more accurately than LAVI. In our study,
we found that patients who have a higher LAEF during AF also have a better prognosis
in terms of maintaining sinus rhythm after DCCV than patients with a lower LAEF. In
addition, the parameter that evaluates mechanical remodelling had greater prognostic
value than parameters that evaluate structural remodelling [40].

 

Figure 1. Left atrial fibrillatory contraction flow (Afc). Pulsed-wave Doppler of mitral filling in the
apical four-chamber projection during atrial fibrillation. Velocity time integral (VTI) and AFc velocity
measurement. AFc VTI 3.8 cm. AFc V 21 cm/s.

4.3. Left Atrial Appendage Flow Velocity

Another echocardiographic parameter that allows us to assess the systolic function,
and thus mechanical remodelling of the left atrium, is the left atrial appendage flow velocity
(LAAFV), measured both during sinus rhythm and atrial fibrillation. The limitation of this
parameter is that it must be measured during a TEE examination. In a healthy person,
during the sinus rhythm, when the contractility of the left atrium appendage (LAA) is
preserved, the top of the appendage during contraction almost completely closes. As a
result of wall hardening, which occurs in remodelling, the contractility of the LAA decreases,
which results in a decrease in the velocity of blood inflow and outflow. Measurement of
LAAFV during TEE provides an indirect assessment of the systolic function of the LAA.
The left atrium appendage has a characteristic emptying pattern during SR [42]. The
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highest emptying velocity occurs in the proximal part of the LAA: 50 to 83 cm/s in healthy
individuals [43]. A velocity below 40 cm/s increases the risk of stroke and AF recurrence
after successful DCCV. The higher the value, the higher the probability of maintaining SR
after DCCV. In a study by Melduni et al., LAAFV was shown to have prognostic value in
terms of assessment of sinus rhythm maintenance after DCCV, risk of stroke, and death in
patients with atrial fibrillation. In the study, it was demonstrated that the risk of the above
events increases with a decrease in LAAFV values [44]. Similarly, Antonelli et al. presented
LAAFV as a predictor of the maintenance of SR after DCCV. In their study, LAAFV had
greater predictive value in terms of the maintenance of SR after DCCV than the structural
remodelling parameter LAAP [21].

4.4. Left and Right Atrial Wall Motion Velocity

Another parameter with high prognostic value for evaluation of the maintenance of
SR after DCCV measured in TTE is the left and right atrial wall motion velocity—LAWMV
and RAWMV. De Vos et al. evaluated the prognostic value of measurements of atrial
wall motion velocity and duration of an AF cycle for evaluating the immediate success of
DCCV and the maintenance of SR over one year after DCCV in patients with persistent AF.
LAWMV and RAWMV were measured using TDI, and the measurements were performed
retrospectively using the Q-analysis software on colour Doppler images. Measurements
were performed during late diastole in the left lateral atrial wall just below the mitral valve
ring and in the right lateral atrial wall just below the tricuspid valve ring. LAWMV did not
have prognostic value for the immediate success of DCCV, but it was shown that patients
with higher LAWMV values were more likely to maintain sinus rhythm after DCCV over
a 12-month follow-up. In the case of RAWMV, it was shown that the higher the result of
this measurement, the higher the chances of immediate success of DCCV and maintenance
of sinus rhythm over a 12-month follow-up. In this study, the group of patients with
maintained SR after DCCV did not differ in terms of structural remodelling parameters
(LAAP, RAV, LAV) from the group of patients who had recurrent AF [45]. In addition, it
was demonstrated that the longer the duration of AF, the lower the LAWMV values during
atrial fibrillation, which suggests that the LAA wall motion velocity reflected mechanical
remodelling [27]. A limitation of RAWMV and LAWMV measurements is that they are
much more difficult in patients with high ventricular rhythm.

Recently, left and right atrial wall motion velocity was proven to possess prognostic
value in terms of predicting the maintenance of the sinus rhythm after electrical cardiover-
sion performed due to persistent AF, in which velocity measurements were performed
directly using tissue Doppler imaging (TDI) (Figure 2) [46]. In this study, in a multivariate
regression analysis including clinical and echocardiographic factors, only LAWMV was a
significant predictor of SR maintenance over 12 months. Direct measurement, compared to
the Q-analysis from colour Doppler imaging used by De Vos et al., has some advantages.
Direct measurement is much less time-consuming and does not require additional software.
Additionally, in Q-analysis, the sampling rate of the velocity measurement is affected by
the size of the colour Doppler image that is recorded. Direct measurement of the left atrial
wall motion velocity by means of tissue Doppler imaging is performed in the same way as
a’ and e’ measurements of the velocity of diastolic motion of the mitral valve ring, but the
Doppler gate should be located approximately 10 mm below the ring. A clear advantage
of using colour Doppler imaging and the Q-analysis software is the ability to perform
retrospective measurements from recordings made earlier.

Assessment of the myocardial velocity in the atria appears to be a promising method
for evaluating the likelihood of SR maintenance after DCCV in persistent atrial fibrillation,
and hence it is important to further evaluate these parameters in a larger patient population.
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Figure 2. Left atrial wall motion velocity (LAWMV). LAWMV 5 cm/s. Pulsed-wave tissue Doppler
in the apical four-chamber projection during atrial fibrillation.

4.5. Left Atrial Appendage Wall Motion Velocity

Another parameter in the direct evaluation of the mechanical function of the left atrial
appendage is left atrial appendage wall motion velocity (LAAWMV) (Figure 3). Left atrial
appendage wall motion velocity correlates with the degree of mechanical remodelling,
which leads to a decrease in myocardial velocity. Patients whose LAAWMV is measured
during AF have lower LAAWMV values than patients with sinus rhythm [47]. One of
the advantages of LAAWMV over other markers of mechanical remodelling is that it
can be measured before cardioversion during AF. There are two techniques available for
evaluating LAA wall motion velocity: TDI (tissue Doppler imaging) and STE (speckle
tracking echocardiography). Currently, STE is considered to be the preferred technique for
evaluating myocardial velocity and deformity because it is free from angle dependence,
which is the main limitation of TDI. The weakness of the STE technique is the need to
obtain very good imaging quality, which is difficult in the case of thin walls of the LAA,
whereas TDI does not have this limitation. Unfortunately, measurements of LAA wall
motion velocity and deformation with STE can only be performed during TEE, while
LAA wall motion velocity measurements with TDI can be performed using both TTE
and TEE. The measurement of LAAWMV requires a break in the systolic function of the
ventricle in order to visualise the systolic wave of the LAA wall motion. Rapid motion of
the ventricles makes measurement difficult, but the stimulation of the vagus nerve that
occurs during TEE slows down the heart rate, making reliable measurement of LAAWMV
possible. In our study, LAAWMV had prognostic value both in terms of SR restoration after
DCCV and SR maintenance over a 12-month follow-up after DCCV. Among the analysed
echocardiographic parameters evaluated before DCCV during AF, only LAAWMV and
E/e’ had prognostic value in terms of maintenance of SR after DCCV, both in multivariate
models containing only echocardiographic parameters, including parameters for structural
remodelling evaluation, and in the model with clinical parameters [31].

A recently discovered phenomenon is LAAWMV reduction in the lateral LAA wall
compared to the LAA medial wall in patients with AF, while in patients without diagnosed
AF, there is an opposite relation. The chances of identifying a patient with paroxysmal AF
using this phenomenon was 22.14 (95% CI, 12.06–40.64; p < 0.001) [47].
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Figure 3. Left atrial appendage wall motion velocity (LAAWMV). LAAWMV 18 cm/s. Pulsed-wave tissue
Doppler in two-chamber 60–90◦ projection in transoesophageal echocardiography during atrial fibrillation.

4.6. Left Atrial Strain and Strain Rate

A parameter called left atrial strain (LAS) is used to assess the degree of mechanical
deformation of the myocardium. Progressive remodelling leading to atrial wall rigidity
leads to a decrease in strain and strain rate during AF. Using the above-mentioned STE
and TDI techniques, it is possible to assess the strain and strain rate during echocardio-
graphy [48]. An examination can be performed both during AF and after sinus rhythm
restoration. In patients with sinus rhythm, the reservoir, conduit and contraction phases of
LA can be evaluated (Figures 4 and 5). In the reservoir phase, the susceptibility of the atrial
wall to stretching is assessed. During the contraction phase—the ability of the atrial muscle
to contract—and the conduit phase is the difference in measurement in the reservoir and
contraction phases. During AF, only the conduit phase is evaluated, while the reservoir
phase is a negative value of the conduit phase. Initially, strain and strain rate assessment
were performed using TDI. One of the first studies of strain and strain rate using TDI to
assess the prognosis of patients after DCCV in terms of maintenance of SR demonstrated
the usefulness of these parameters in patients with persistent AF [29,49].

Decreased strain and strain rate were shown to be predictive of AF occurrence, es-
pecially in patients who have suffered a cryptogenic stroke [50,51]. Strain and strain rate
are not only predictors of the occurrence of the first diagnosed AF, but can also be used
to assess the probability of maintaining SR after a DCCV performed to treat AF. It was
demonstrated that strain and strain rate measured the day after a successful DCCV are
predictive of SR maintenance [52]. Moreover, the study revealed that strain and strain rate
measured in the contraction phase have greater predictive value in terms of maintaining
sinus rhythm than strain and strain rate assessed in the reservoir and conduit phases [52].

Strain measurements before cardioversion can predict the maintenance of sinus rhythm
after DCCV. Morenzo-Ruiz et al. showed that the reservoir phase strain measured during AF
before DCCV was predictive of SR maintenance over a 6-month follow-up, both in patients
with persistent AF and long-standing persistent AF [53]. Shaikh et al. found that an increase
in strain measured before DCCV and then after effective DCCV has prognostic value in
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terms of SR maintenance. The greater the increase in PALS after cardioversion relative to the
measurement during AF, the greater the probability of maintaining SR over 6 months [54].
The left atrial conduit function can also be determined using the formula [(LV maximum −
LV minimum) − (LA maximum − LA minimum) volume], expressed as % LV stroke volume.
In studies evaluating LA conduit function, it was demonstrated that the parameter for LA
conduit function evaluation is an independent risk factor of AF recurrence after DCCV [55,56].

Figure 4. Left atrial strain. pLASr 22%, peak left atrial stain measured during the reservoir phase;
pLASct 11%, peak left atrial stain measured during the contractile phase. The measurements are
the average of the 6 assessed left atrial wall segments. The measurement was made in the apical
four-chamber projection during sinus rhythm.

Loss of coordinated atrial myocardial contraction is the result of mechanical remod-
elling and is described as dispersion. Strain evaluation also allows for the evaluation of
LA wall contractility disorders such as dispersion and dyskinesia. Dispersion is defined
as the standard deviation of the time to achieve maximum deformation in different atrial
segments and indicates asynchronous contraction of individual LA walls [57–59]. Under
normal conditions, all segments of the LA wall should reach maximum deformation at the
same time of the heart cycle. Dell’era et al. demonstrated that asynchrony of the left atrial
contraction has prognostic value for the maintenance of SR after DCCV [58]. Similarly,
Doruchowska et al. proved that the dispersion of time to maximum strain is an important
predictor of SR maintenance after DCCV [30]. In a study by Rondano et al., the standard
deviation of the time to maximum deformation was inversely dependent on the value of
the maximum deformation. This study also showed that asynchronous LA contraction is a
predictor of AF recurrence in patients after an effective DCCV performed to treat AF [57].

Left atrial wall dyskinesia is a new indicator that can be used to assess the likelihood of main-
taining SR after DCCV in persistent AF. Left atrial wall dyskinesia means that certain segments
of the atrial wall expand rather than contract during the contraction phase. In measurements of
the LA strain rate in the contraction phase, dyskinetic segments demonstrate positive strain rate
values, which indicates that they are stretching relative to adjacent segments that have negative
strain rate values, which indicates that they are contracting (Figure 6). This phenomenon is
analogous to dyskinesia of segments of the left ventricle walls. A study evaluating strain rate the
day after effective DCCV showed that the appearance of dyskinetic LA wall segments increases
the risk of AF recurrence after effective DCCV over a 12-month follow-up [60].
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Figure 5. Left atrial strain rate. pLASRr 1.3 s−1 peak left atrial strain rate measured during the
reservoir phase. pLASRcd −1.5 s−1, peak left atrial strain rate measured during the conduit phase.
pLASRct −1.9 s−1, peak left atrial strain rate measured during the contractile phase. The measure-
ments are the average of the 6 assessed left atrial wall segments. The measurement was made in the
apical two-chamber projection during sinus rhythm.

 

Figure 6. Left atrial wall dyskinesis. Stretching of one of the left atrial wall segments during the contractile
phase. The phenomenon of left atrial wall dyskinesia is assessed during pLASRct; in the contractile phase,
all segments of the left atrial wall should contract, while when dyskinesia occurs, one or several segments
expand. The measurement was made in the apical four-chamber projection during sinus rhythm.
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5. Electrical Remodelling

The type of remodelling that occurs first, and is also the least visible and difficult to
visualise with echocardiography, is electrical remodelling. Electrical remodelling of the
atrial walls is an expression of disorders in intercellular connections, change in ion channels,
progressive LA wall fibrosis, and abnormalities in the conduction of electrical stimuli
between the cells of the atrial wall, which results in slowing down of electrical stimuli
conduction and the development of micro-re-entry substrate [61,62]. A lack of balance
between collagen synthesis and degradation leads to myolysis and the development of
atrial fibrosis, which in turn affects the electromechanical function of the LA, manifested by
a longer atrial conduction time [63,64]. Currently, the only echocardiographic parameter
that depends on electrical remodelling but also on structural remodelling is total atrial
conduction time (TACT) (Figure 7). TACT is affected by both slowing down of the electrical
stimuli conduction in the atrial wall, i.e., electrical remodelling, and by the length of
the path that electrical stimuli must travel, i.e., enlargement of the right and left atrial
cavity, which is an expression of structural remodelling. The delay between the P wave
in the electrocardiogram from lead I or II and mechanical LA activation measured by
tissue Doppler echocardiography, called PA-TDI, provides a reliable estimate of total atrial
activation time, reflecting the degree of atrial fibrosis in biopsy samples [65]. In a study by
Leung et al., PA-TDI was shown to be significantly higher in patients with AF compared to
those without AF [66]. TACT prolongation reflects the slowing down of conduction and
dilation of the atria and identifies individuals prone to developing atrial fibrillation [67,68].

 

Figure 7. Total atrial conduction time (TACT). PA-TDI 160 ms. PA-TDI is the time interval between
the onset of the P wave in electrocardiogram in lead I or II and the peak of the a’ wave on the atrial
tissue Doppler velocity curve from the lateral left atrial wall. Pulsed-wave tissue Doppler of mitral
annulus velocity in the apical four-chamber projection during sinus rhythm. a’, late lateral mitral
annulus velocity; e’, early lateral mitral annulus velocity; s’, systolic mitral annulus velocity.

TACT was demonstrated to be predictive of AF recurrence after DCCV. Müller et al.
showed that patients with prolonged TACT have a higher risk of early AF recurrence
after DCCV. Using a multivariate regression model, they demonstrated the superiority
of this parameter over a parameter for evaluation of structural remodelling, but they
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did not assess echocardiographic parameters representing the progression of mechanical
remodelling [69]. The prognostic value of TACT for the maintenance of SR after DCCV in
AF was also investigated in long-term studies. Using the same method to evaluate PA-TDI
as Muller et al., Maffe et al. evaluated the prognostic value of TACT in patients with
persistent AF undergoing DCCV at the annual SR maintenance assessment. Maffe et al.
also confirmed the prognostic value of TACT, which was the best predictor of the chances
of maintaining SR after DCCV in the studied population. The analysed parameters also
included parameters for evaluating structural remodelling (LAVI, RAVI) and mechanical
remodelling (a’ wave, LAEF). The analysed echocardiographic parameters did not include
strain or strain rate [70]. Karantoumanis et al. also showed the predictive value of TACT
in terms of maintenance of SR after DCCV. In a multivariate regression model and ROC
curve analysis, they proved the superiority of TACT over the parameters for evaluating
structural remodelling (LAVI, RAVI) and mechanical remodelling (LAEF). The authors also
evaluated left and right atrial strain defined as “left and right atrial peak longitudinal strain
during ventricular systole” and the left atrial strain rate as “left atrial peak longitudinal
strain rate during ventricular systole.” These parameters did not differ between the group
of patients with maintained sinus rhythm and the group of patients with recurrent AF. The
study also analysed left atrial longitudinal strain, but it was not precisely described how
this was measured, and despite obtaining statistical significance in the studied group, it
was not further analysed in multivariate regression models [71].

Evaluation of electrical remodelling seems to be a very promising method for eval-
uating the prognosis of AF recurrence after DCCV in patients with persistent AF, but
echocardiography does not currently seem to be a good tool for evaluating these types of
changes in the left or right atrial wall.

6. Left Ventricular Filling Pressure

A separate parameter that does not concern the assessment of atrial remodelling
but is an important predictor of AF recurrence after electrical cardioversion in persistent
atrial fibrillation is left ventricular filling pressure (LVFP), which assesses left ventricular
diastolic dysfunction. Left ventricular filling pressure is estimated during sinus rhythm by
measuring mitral valve inflow waves E and A, the e’ wave of the diastolic motion of the
mitral valve ring, and the mitral inflow E wave deceleration time (DT).

Assessment of the filling pressure is also possible during AF, but estimation of the LV
filling pressure is difficult because the lack of the A wave in the mitral inflow and the high
variability of E and e’ waves in successive heart cycles negatively affects the accuracy of
the estimate and the variability of subsequent measurements.

In studies evaluating left ventricular filling pressure based on the E/e’ ratio, it was
demonstrated that the LV filling pressure assessed during persistent AF and after successful
DCCV is a predictor of SR maintenance after DCCV [72–74]. In a study by Chung et al., an
increased E/e’ ratio significantly correlated with AF recurrence after cardioversion [71]. In
a study by Fornengo et al., DT <150 ms (E-wave deceleration time), septal e’-wave <8 cm/s
and septal E/e’ ratio ≥11 were considered as the cut-off point for increased LV filling
pressure [73]. Similarly, in our study, we showed that elevated values of E/a and E/e’ are
predictors of AF recurrence after DCCV in patients with normal systolic function of the LV
muscle. In this study, in a multivariate regression model, parameters evaluating the left
ventricular filling pressure had greater predictive value for SR maintenance after DCCV
than parameters evaluating structural remodelling (LAVI) or mechanical remodelling LA
(LAEF). The study did not measure mechanical remodelling parameters using the strain or
strain rate methods [75].

7. Summary

Although ablation is becoming an increasingly common and effective method of treat-
ing patients with both paroxysmal and persistent AF, cardioversion remains one of the
most frequently performed procedures in cardiology departments [76,77]. As there are no
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fully effective and safe antiarrhythmic drugs, the risk of recurrence of atrial fibrillation after
DCCV remains high. The use of echocardiographic parameters to assess the prognosis for
AF recurrence after DCCV has clear advantages in terms of availability, repeatability and
better prognostic value for the maintenance of sinus rhythm after DCCV than clinical or
biochemical parameters. Echocardiography remains the method of choice for evaluating
the structure and function of the atria and ventricles compared to MRI and computed
tomography, due to its greater availability and safety. Therefore, it is important to search
for new, improved echocardiographic parameters that correlate with the progression of
remodelling and allow for a more accurate assessment of the risk of AF recurrence after
DCCV. Table 2 shows the optimal cut-off, area under the curve, sensitivity and specificity of
the presented echocardiographic parameters for estimating the risk of recurrence of AF after
DCCV. Based on this review of the available literature, it can be concluded that echocar-
diographic parameters evaluating mechanical remodelling of the left atrium have greater
prognostic value than parameters evaluating structural remodelling in terms of prognosis
of maintenance of sinus rhythm after DCCV in persistent and paroxysmal AF, and electrical
remodelling can only be indirectly assessed by echocardiographic examination. Most of
the echocardiographic parameters presented in this article have not yet been introduced
into the daily clinical practice of qualifying patients with AF for treatment. This is because
advanced software is required, some of the parameters have low repeatability, and their
measurement can be time-consuming. However, some of the presented echocardiographic
parameters can be performed without the involvement of additional time or advanced
software, such as AFc or LAWMV. From a practical point of view, time invested in the
assessment of a patient with AF allows us to more accurately qualify them for individual
forms of therapy, such as pharmacotherapy, cardioversion or ablation. As ablation is a
rapidly developing form of AF therapy, the above echocardiographic parameters should
be studied further in terms of their prognostic value for maintaining sinus rhythm after
ablation, pulmonary vein isolation or possible qualification of patients for expanded forms
of standard ablation [78,79].

Table 2. Prognostic value of echocardiographic parameters in terms of maintenance of sinus
rhythm/atrial fibrillation recurrence * after electrical cardioversion.

Parameter
Number of

Patients
Paroxysmal/

Persistent AF
Optimal
Cut-Off

AUC
Sensitivity

(%)
Specificity

(%)
Follow-Up
(months)

LAVI * [15] 76 No distinction 31 mL/m2 0.78 71.2 78.3 >12 months

LAVI [28] 95 Persistent 48 mL/m2 0.63 52 79 6

RAVI [28] 95 Persistent 43 mL/m2 0.76 72 82 6

Mitral inflow A-wave
velocity * [38] 112 No distinction 52 cm/s 0.710 91 43 1

LAEF in AF [28] 95 Persistent 42% 0.89 73 100 6

RAEF in AF [28] 95 Persistent 52% 0.92 88 89 6

LAEF in AF [40] 146 Persistent 23.9% 0.680 83.6 51.2 12

AFc * VTI [41] 137 Persistent 3.1 cm 0.962 97 75.7 5

AFc * velocity [41] 137 Persistent 32 cm/s 0.857 96.8 94.1 5

LAAFV in AF [21] 186 >48 h <1 year
of AF 40 cm/s 0.700 56 80 12

RAWMV in AF [45] 133 Persistent No data 0.67 No data No data 12

LAWMV in AF [45] 133 Persistent No data 0.66 No data No data 12

LAWMV in AF [46] 126 Persistent 3 cm/s 0.738 92.7 49.3 12

LAAWMV in AF [31] 121 Persistent 7.16 cm/s 0.738 76.5 70 12

pLASR (inferior wall) in AF [29] 65 No distinction.
≤3 months 1.8 sek−1 0.878 92 78 3
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Table 2. Cont.

Parameter
Number of

Patients
Paroxysmal/

Persistent AF
Optimal
Cut-Off

AUC
Sensitivity

(%)
Specificity

(%)
Follow-Up
(months)

pLAS (septal) in AF [29] 65 No distinction.
≤3 months 22% 0.852 77 86 3

pLASR cd in AF (basal left) [49] 52 No distinction.
<1 year 2.18 s−1 0.860 83.9 64.3 1

pLAS ct 4c in SR [52] 89 Persistent No data 0.765 No data No data 12

pLAS r *,1 in AF [53] 131 Persistent 10.75% 0.954 85 99 6

TP-SD Left atrial
asynchrony [57] 130 Persistent 15% No

data 82.4 35 12

dTPLS in SR [30]
80

(61 restored
SR)

Persistent 128 ms 0.660 57 83 6

Left atrial wall dyskinesia *
in SR [60] 89 Persistent Binary variable 0.71 59.57 82.5 12

TACT * in SR [69] 54 Persistent 152 ms 0.990 87 100 7 days

TACT * in SR [70] 104 Persistent 152 ms 0.923 91 87 12

TACT * in SR [71] 60

39 patients
paroxysmal AF

and 21 with
persistent AF

125.8 ms 0.989 98 100 12

E/e’ in AF [40] 146 Persistent 8.7 0.645 73.8 55.4 12

E/e’ * in AF [72] 66 Persistent 9.15 0.780 75 73.1 >12 months

E/e’ * in AF [74] 175 Persistent 11 0.660 No data 85 3

E/e’ in SR [75] 117 Persistent 9.17 0.726 72.1 74.1 12

E/A in SR [75] 117 Persistent 2.2 0.726 73.12 73.21 12

* Parameters assessing the recurrence of atrial fibrillation after electrical cardioversion. 1 pLAS (GPALS)—mean of
strain results obtained from apical four and two chamber views. 4c, four-chamber view; AF, atrial fibrillation; AFc,
left atrial fibrillatory contraction flow; AUC, area under the curve; cd, conduit phase; ct, contraction phase; dTPLS,
dispersion of time to peak longitudinal strain; LAAFV, left atrial appendage flow velocity; LAAWMV, left atrial
appendage wall motion velocity; LAEF, left atrial emptying fraction; LAVI, left atrial volume index; LAWMV,
left atrial wall motion velocity; pLAS, peak left atrial strain; pLASR, peak left atrial strain rate; r, reservoir phase;
RAEF, right atrial emptying fraction; RAVI, right atrial volume index; RAWMV, right atrial wall motion velocity;
SR, sinus rhythm; TACT, total atrial conduction time; VTI, velocity time integral.
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