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Preface

Cardiac arrhythmia is a very complex disorder that could change both quality and quantity
of life. In this book titled Cardiac Arrhythmias, authors from different geographical regions
contributed to the advancement of this field of cardiac arrhythmias. This book is divided
into two sections—atrial and nonatrial arrhythmias. In atrial arrhythmias, authors have de-
scribed various aspects including genetics, clinical aspects, and surgical management of at-
rial fibrillation. Similarly, in nonatrial arrhythmias, authors described new patterns of ECG
including Breijo pattern. Common clinical scenarios like drug-induced arrhythmias will be
very helpful for the readers. Our authors have also worked diligently to provide practical
tips to the readers to prevent life-threatening cardiac arrhythmias induced by central venous
catheterization. In the past few decades, there is a rapid development of new mapping and
ablation techniques. In this book, we have excellent review chapters describing the clinical
approach, mapping techniques, troubleshooting, and ablation methods for atrial arrhyth-
mias and ventricular arrhythmias. These chapters are supported with excellent ECGs, elec-
trograms, fluoroscopic pictures, and 3D electro-anatomic mapping images. These chapters
are written by experienced and acclaimed experts in their field and hence will provide a
comprehensive and authoritative review in those respective topics. I am very confident that
these articles will be used as reference articles by the clinicians whether they are trainees,
physicians, advanced care providers, or anyone involved in patient care.

This work was possible mainly because of the diligent and meticulous work of the authors. I
sincerely thank them for all their sincere effort to spread the knowledge. I am deeply indebt-
ed to Mr. Julian Virag, Author Service Manager at IntechOpen, for his continuous support.
He put out many fires and facilitated timely publication of this book. I am also very thankful
for the editorial assistance provided by the IntechOpen team. May the fruits of our labor,
including the publishing team and contributors, serve the field of cardiac arrhythmias.

This book is dedicated to my mother Jana, the source of my inspiration and for being the
ever-dependable platform, and to my son Shawn, who fills my life with joy and happiness
and gives me the confidence that every generation is better than the previous one.

Umashankar Lakshmanadoss MD, CCDS, FHRS
Cardiac Electrophysiologist

Ballad CVA Heart Institute

Kingsport, TN, USA
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Chapter 1

Gene Polymorphisms Associated with Atrial Fibrillation

Nevra Alkanli, Arzu Ay and Suleyman Serdar Alkanli

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76920

Abstract

Atrial fibrillation (AF), which causes severe health problems, is a multi-factor disor-
der and is increasing day by day. AF is known to be one of the most common cardiac
arrhythmias in clinical practice. AF can also be described as a cardiac dysrhythmia that
causes severe cardiovascular morbidity and mortality. AF is known as an independent
risk factor for death and it occurs a significant risk of morbidity due to stroke. There are
many diseases that contribute to the development of AF. Diseases such as aging, heart
failure, heart valve disorders, myocardial infarction, hypertension and diabetes mellitus
are important factors in the development of structural AF. It is a known fact that AF
prevalence increases with age. The mechanism underlying of AF is not fully understood,
but genetic factors play an important role in the pathogenesis of this disease. There have
been many studies aimed at investigating the genetic basis of AF, especially in recent
years. In these studies, many mutations and variants have emerged which are identified
as genetic risk factors in the development of AF. Identification of gene polymorphisms
that play a role in the development of AF will be an important guide in the development
of new therapies for the treatment of this condition.

Keywords: AF, cardiac arrhythmia, gene polymorphism, related diseases, PCR

1. Introduction

AF, which has a significant morbidity and mortality rate, is a multifactorial disorder as one
of the most common cardiac arrhythmias [1, 2]. This cardiac arrhythmia affects 1-2% of the
general population. AF is an increasingly prevalent dysrhythmia and is associated with many
cardiac risk factors. Disorders such as hypertensive, ischemic or structural heart diseases are
important risk factors for AF [3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN



4 Cardiac Arrhythmias

The underlying mechanisms in the development of AF are still not fully understood, but a
heterogeneous model plays an important role in the pathophysiology of this disease. This
heterogeneous model is based on the interaction of multiple substrates and triggers [3].

There are many studies showing that genetic factors play an important role in the pathogen-
esis of AF. Monogenic mutations known to be associated with AF have been identified. A total
of 25 gene mutations proven to be associated with AF have been identified. Genome-wide
association studies (GWAS) have been conducted to investigate AF genetics, and these studies
have shown that single nucleotide polymorphisms play a very important role in the develop-
ment of AF. Several single nucleotide polymorphisms associated with AF predisposition have
been identified in these GWAS studies [3].

AF is an electrical disease caused by defects in ionic currents, and a variety of studies have
been undertaken to determine the genetic causes of these electrical illnesses. Studies con-
ducted to investigate the hereditary predisposition of AF found that the development of AF
in pups with AF detected in their parents was found. Even though disorders such as hyper-
tension, myocardial infarction and diabetes mellitus, which are important risk factors for the
development of AF, are regulated, they still have the risk of developing fourfold AF [3].

In many genetic studies, variants known to be associated with AF have emerged. These vari-
ants are formed as a result of abnormalities in genes encoding cardiac gap junctions, signal-
ing molecules, ion channels and auxiliary subunits. In addition, gene polymorphisms may
cause loss of function in genes that encode proteins contributing to cardiac depolarization or
repolarization leading to AF’s increased sensitivity, are also genetic risk factors that play an
important role in the development of AF [3].

The purpose of this chapter is to give general information about AF and compiling the studies
made with the aim of determining the gene polymorphisms that can play an important role
in the development of AF.

2. Renin angiotensin aldosterone gene polymorphism

The renin angiotensin aldosterone system (RAAS) plays an important role in the regula-
tion of humoral regulation. RAAS, which is also important in the regulation of blood pres-
sure, cardiovascular homeostasis, fluid and electrolyte balance such as hypertension, heart
failure and arrhythmia, plays an important role in the pathophysiology of various cardio-
vascular diseases. Renin, an acid protease synthesized by renal juxtaglomerular cells, is
involved in circulation through the renal vein. A decrease in renal blood flow or a decrease
in plasma sodium levels leads to an increase in renin secretion. Renin plays a key role in
the production of angiotensin I in plasma or tissues. It is provided that renin is converted
to angiotensin II by angiotensin-converting enzyme (ACE). Angiotensinogen (AGT), the
original subtype of renin, is an important source of angiotensin II. Angiotensin II functions
by binding to the angiotensin II receptor on fibroblasts. Angiotensin II plays an important
role in enhancing the synthesis and secretion of collagen types I and III in the regulation of
proliferation of fibroblasts. Angiotensin Il induces aldosterone release, resulting in myocyte
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necrosis and susceptible fibrosis. RAAS is functioning via angiotensin II. Angiotensin II is
involved in the elevation of blood pressure in the systemic arterial and venous systems and
in the increase of blood return to the heart. It increases the central sympathetic activity by
increasing the oscillation from the sympathetic nerve endings. Thus, synthesis and release
of aldosterone is regulated. RAAS, which plays a role in atrial remodeling and pathogen-
esis of AF, is an important regulator. There are not many studies aiming to investigate the
relationship between RAAS gene polymorphisms and the risk of developing AF. In a study
conducted by Tsai et al., it was determined that the polymorphisms occurring in RAAS
genes increased the susceptibility to AF development as a result of association with envi-
ronmental factors leading to elevated atrial pressures. RAAS gene polymorphisms include
ACE insertion/deletion (I/D), AGT (G-217A, A-20C, G-7A, M235T and T174M) and ATR1
A1166C gene polymorphisms. In a study aiming to investigate the association of these poly-
morphisms with AF, in exon 2 of the AGT gene, the M235 allele, a significant relationship
was found between haploids associated with the G-6 and G-217 alleles in the promoter
region and AF development risk [4, 5].

2.1. ACE (I/D) gene polymorphism

The 21-kilobase pair (kbp) long ACE gene locates on chromosome 17q23. This gene consists
of 26 exons and 25 introns. The ACE (I/D) gene polymorphism is characterized by I/D of 287
base pairs in the 16th intron of the ACE gene. The genotypes of ACE (I/D) gene polymorphism
differ in terms of ACE plasma and tissue levels. The DD genotype of the ACE (I/D) gene poly-
morphism is associated with high cellular ACE activity, which leads to myocardial fibrosis, so
myocardial fibrosis develops. There are studies showing that ACE (I/D) gene polymorphism
is associated with the risk of developing AF. There is a positive relationship between DD
genotype and ACE activity of ACE (I/D) gene polymorphism. As a result of this relationship,
angiotensin II level increases and myocardial hypertrophy, arrhythmia can develop. In the
study carried out by Zhang and colleagues found a significant association between DD geno-
type of the ACE (I/D) gene polymorphism and increased AF. In another study conducted by
Topal et al., a significant relationship was found between the incidence of ACE Alu D and
increased AF [2].

2.2. ACE 2350G/A (rs4343) gene polymorphism

One of the ACE gene polymorphisms from the AF associated genes is the ACE 2350G/A
(rs4343) polymorphism, and this polymorphism has a significant effect on the plasma ACE
concentration. The ACE 2350G/A (rs4343) gene polymorphism is a synonymous mutation that
is accepted as silent. There is insufficient study to investigate the relationship between ACE
2350G/A (rs4343) gene polymorphism and the risk of developing AF. In a study conducted by
Jiang et al. in a Chinese population, the A allele of ACE 2350G/A (rs4343) gene polymorphism
has been associated with the risk of developing AF in patients with essential hypertension.
ACE 2350G/A (rs4343) polymorphic locus do not effect expression directly of ACE mRNA
or it has not functional variant. It is assumed that there may be link imbalance between this
fragment and an unknown DNA fragment acting as a mulffler. In order to be able to identify
gene loci in this linkage disequilibrium, a large number of studies have to be performed [1].

5
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2.3. Angiotensin II type 1 receptor and angiotensin-converting enzyme 2 gene
polymorphisms

RAAS, which plays an important role in the pathophysiology of AF in the structural
and electrical remodeling of the atrium, contains ACE/angiotensin II/AGTR1 and ACE2/
angiotensin (1-7)/ MAS axes. These axes regulate myocardial hypertrophy, fibrosis and
remodeling. ACE/angiotensin II/AGTR1 and ACE2/angiotensin (1-7)/MAS axes have been
found to play an important role in AF pathogenesis. Angiotensin II is the most vasoactive
component of RAAS, and angiotensin II, which causes increased myocardial fibrosis and
hypertrophy, may contribute to AF development. Angiotensin II, an important signaling
molecule of RAAS, plays a role in cardiovascular effects via AGTR1. AGTR1, G-protein is a
bound receptor and has been associated with some disorders such as heart failure, prehy-
pertension and stroke. There are studies showing that in AF patients AGTR1 levels increase
in the left atrium. In a study conducted with Chinese Han population, the roles of AGTR1
rs1492100, rs1492099, rs1492097 and rs3772616 gene polymorphisms in AF development
were investigated. A significant correlation was found between rs1492099 gene polymor-
phism from these polymorphisms and the development of structural AF. The ACE2 gene
shows the X chromosome. In a study conducted by Freg et al., ACE2 expression was found
to be significantly reduced in patients with chronic AF. In contrast, it is observed that atrial
tissue angiotensin II levels were also significantly elevated. In another study with Chinese
Han population, the effects of AGTR1 and ACE2 gene polymorphisms development of
structural AF were examined. It is thought that polymorphisms occurred in this gene may
be genetic risk factors in the development of structural AF in the Chinese Han male popula-
tion. Also, it has been shown that ACE2 and AGTR1 genes are associated in patients with
structural AF [6].

2.4. Aldosterone synthase 344 C/T gene polymorphism

Aldosterone synthase (CYP112B2) is an enzyme that plays an important role in the synthesis
of aldosterone. CYP112B2 is the mitochondrial P450 oxidase found in the adrenal cortex
of the zona glomerulosa. Aldosterone plays an important role in regulation of ion motions
and collagen expression, including myocardial remodeling. Delayed or reversed myocardial
remodeling is achieved by the aldosterone inhibitor, thus can prevent AF. In a study by Goette
et al., there was a positive relationship between elevation of AF and aldosterone levels. The
CYP112B2 gene is 7 kilobases long and locates on chromosome 8q22. This gene consists of 9
exons and 8 introns. The CYP112B2-344 C/T gene polymorphism is characterized by a C/T
substitution in the 344 position in the promoter region of the CYP112B2 gene. Several stud-
ies have been conducted to investigate the relationship between CYP112B2-344 C/T gene
polymorphism and hypertension. In some studies, CYP112B2-344 C/T gene polymorphism
has been identified as a genetic risk factor for hypertension and myocardial hypertrophy.
However, a limited number of studies have been conducted to investigate the relationship
between CYP112B2-344 C/T gene polymorphism and AF. In a study conducted by Lu et al.,
no significant relationship was found between CYP112B2-344 C/T gene polymorphism and
AF development risk. In the study conducted by Shuxin Hou et al., there were no significant
differences in CYP112B2-344 C/T gene polymorphism genotype distributions between AF
patients and healthy control groups. The CYP112B2-344 C/T gene polymorphism has been



Gene Polymorphisms Associated with Atrial Fibrillation
http://dx.doi.org/10.5772/intechopen.76920

AGTR1and Forward primer 5-3’ Reverse primer 3'-5

ACE2

rs1492100 TTCAATAACAGATTCCCAGAG CCACCTCAACTTGCCTGTG
151492099 TTCAATAACAGATTCCCAGAG CCACCTCAACTTGCCTGTG
151492097 TTCAATAACAGATTCCCAGAG CCACCTCAACTTGCCTGTG
1s3772616 TGATAATTTATGTACTCCCTC CAAAGCATAAGTGTCAACAGA
156632677 CTGACTTGTTGCAGCAAGATGC TAGGAGTCCAGGCACAGTTCAG

PCR, polymerase chain reaction; SNP, single nucleotide polymorphism; AGTRI, angiotensin II receptor 1, ACE2,
angiotensin-converting enzyme 2; Amp, amplification.

Table 1. Primer sequences used in PCR for AGTR1 and ACE2.

GENES amp. size (bp) Primer Primer sequences

AGT M235T 163 bp Forward 5'-CGTTTGTGCAGGGCCTGGCTCTC-3'
Reverse 5'-AGGGTGCTGTCCACACTGGACCC-3'

ACE Alul/D 490 bp Forward 5'-CTGGAGACCACTCCCATCCTTTCT-3'
Reverse 5-GATGTGGCCATCACATTCGTCAGAT-3'

CYP112B2-344C/T 537 bp Forward 5'-CAGGAGGAGACCCCATGTGAC-3'

Reverse 5'-CCTCCACCCTGTTCAGCC-3'

PCR, polymerase chain reaction; AGT, angiotensinogen; ACE (I/D), angiotensin-converting enzyme (insertion/deletion);
CYP112B2, aldosterone synthase; Amp, amplification.

Table 2. Primer sequences used in PCR and amplification product size for AGT, ACE (I/D) and CYP112B2-344C/T.

found to be associated with an increase in C allele binding to steroidogenic transcription
factor 1 and thus an increase in CYP112B2 activity. In a study conducted by Amir et al,,
CYP112B2-344 C/T gene polymorphism CC genotype was found to be an independent risk
factor for AF in patients with heart failure. In a study in China Han population, conducted
by Huang et al.,, found that CYP112B2-344 C/T gene polymorphism is not a genetic risk
factor in the development of AF in patients with hypertensive heart disease. In a study per-
formed by Zhang et al., the significant relationship is not also found between CYP112B2-344
C/T gene polymorphism and AF development [2]. It is presented primer sequences that used
to determine AGTR1, ACE2, AGT, ACE (I/D) and CYP112B2-344C/T gene polymorphisms
in Tables 1 and 2.

3. Nitric oxide synthase gene polymorphisms

The major products of cellular metabolism are reactive oxygen species (ROS) and reactive
nitrogen products (RNS) and they have sources in the myocardium. Redox homeostasis is dis-
turbed when oxidant species overcome the capacity to reduce of the cell. While excessive ROS
results in oxidative stress; excessive RNS results in nitrosative stress. Potentially reactive spe-
cies such as the mitochondrial electron transport chain, xanthine oxidase, NADPH oxidases
and nitric oxide synthases (NOS) are present in the myocardium. There are three NOS iso-
forms: NOS1 (neuronal NOS = nNOS), NOS2 (inducible NOS = iNOS) and NOS3 (endothelial
NOS = eNOS). These isoforms are named according to the first description of the tissues. It
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Genes amp. size (bp) Primer Primer sequences

eNOS T-786 180 bp Sense 5-TGGAGAGTGCTGGTGTACCCCA-3'
Antisense 5'-GCCTCCACCCCACCCTGTC-3'

eNOS G894T 200 bp Sense 5-AACCCCCTCTGGCCCACTCCC-3'
Antisense 5'-TCCATCCCACCCAGTCAA-3'

Intron 4a/4b 393 (4a) 420 (4b) Sense 5-AGGCCCTATGGTAGTGCCTTT-3'

Antisense 5-TCTCTTAGTGCTGTGGTCAC-3'

PCR, polymerase chain reaction; eNOS, endothelial nitric oxide synthase; Amp, amplification.

Table 3. Sequence of primers, size of the PCR products eNOS T-786C, G894T, Intron 4a/4b gene polymorphisms.

is known that enzymes that occur in NOS1 and NOS3 are expressed in the heart. NOS2 is
expressed in inflammatory and pathological conditions such as hypertrophy or heart fail-
ure. While in cardiac myocytes, NOS1 and NOS3 were present in intracellular compartments,
NOS2 is present in the cytosol of cardiac myocytes. NOS plays an important role in stimu-
lating effects of NO on guanylate cyclase, or in arising and mediating effects of nitrosation
of tyrosine, cysteine residues. NO, which a highly reactive radical, is spreadable and its life
is very short. L-arginine is converted to citrulline by NO production and is a substrate for
NOS. NOS2 is expressed in macrophages, neutrophils, endothelial cells, vascular smooth
muscle cells and cardiomyocytes. The competitive inhibition of endogenous methylarginine
regulates the substrate level in NOS isoforms. Oxidative stress plays an important role in
AF pathogenesis. NOS enzymes can be decomposed and transferred from NO production to
superoxide anion, strong free radicals and oxidation. Therefore, NOSs that are associated with
oxidative stress are important in AF pathogenesis. In the case development of AF, left atrial
endocardial NOS reduction occurs. Thus, a significant reduction in NO production occurs.
Clinical cohorts were performed to investigate the relationship between AF development and
eNOS gene polymorphisms. In a study with a Caucasian population that developed AF, it was
determined that eNOS T-786C, G894T and 4a/4b gene polymorphisms did not have genetic
risk factors in the development of AF. In another study, while CC genotype of eNOS T-786C
polymorphism was found to be a genetic risk factor for homocysteine concentrations, there
was no significant relationship between this polymorphism and the risk of developing AF. In
another study conducted with heart failure and AF patients, 894TT genotype of G894T gene
polymorphism was determined as a genetic risk factor in development of AF. In a study con-
ducted by Giusti et al., eNOS T-786C gene polymorphism was found to be associated with a
decrease in eNOS gene promoter activity. Furthermore, in the same study, this polymorphism
was found to be an independent risk factor for plasma homocysteine concentrations [7-9]. It
is presented primer sequences that used to determine eNOS T-786, G894T, Intron 4a/4b gene
polymorphisms in Table 3.

4. Endothelin 2 A985G gene polymorphism

AF is an important complication of hypertrophic cardiomyopathy and is observed in approxi-
mately 20% of patients with hypertrophic cardiomyopathy. Hemodynamic changes following
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Genes Primer Primer sequences
Endothelin 2 A985G gene Forward 5'-ACAAACCAGGAGCAACCGTG-3
Reverse 5-AGGGAATGAGGGTGCAAGAA-3'

G allele-specific probe 5"-VIC-CCCTGGAGACTGGA-MGB-3'
A allele-specific probe 5'-FAM-CCGGAGGCTGGAT-MGB-3'

PCR, polymerase chain reaction.

Table 4. Sequence of primers for endothelin 2 A985G gene polymorphism.

sympathetic or parasympathetic activation play an important role in AF triggering. In a study
conducted by Thomson et al., hypertension was reported to induce triggering in developing
of AF in patients with hypertrophic cardiomyopathy. Since myocardial hypertrophy is pres-
ent in patients with hypertrophic cardiomyopathy, the left ventricular space is small in these
patients. Thus, a decrease occurs in venous conversion and intravascular volume. As a result
of this, in the patients with hypertrophic cardiomyopathy, low heart debit and various symp-
toms arise. Cheung et al. suggested that AF could be induced in the study they performed.
Endothelin 2, which constricts the systemic vessels, protects venous return and prevents
hypertension that may develop. Acute hypertension causes an increase in sympathetic nerve
activity. Hypertension can occur in hypertrophic cardiomyopathy. A vasoconstrictor may
show protective effect against AF in hypertrophic cardiomyopathy. Proximal AF is more com-
mon in hypertrophic cardiomyopathy than in other structural heart diseases. This monogenic
disorder is a disorder affecting left ventricular hypertrophy in patients with hypertrophic car-
diomyopathy. These disorders result from mutations in genes encoding the sarcomeric pro-
teins. In a study conducted by Sharma et al., it has been shown that the endothelin 2 gene may
be effective in the development of hypertension, and that this gene is expressed to in human
atrial tissue. Endothelin 2 gene is localized on chromosome 1p34. It has been suggested that
there is a significant relationship between hemodynamic changes and polymorphisms occur-
ring in endothelin 2 gene in patients with essential hypertension. The functional role of endo-
thelin 2 A985G gene polymorphism is not known precisely. mRNA stability is affected by
variations in 3'-UTR. Thus, endothelin 2 transcription and translation may be affected in the
endothelin 2 A985G gene polymorphism. Differences in A985 allele frequencies are observed
in studies with different populations. Endothelin 2 A985G gene polymorphism plays a protec-
tive role for A985 allelic cardiovascular diseases, but this allele may trigger AF development
in hypertrophic cardiomyopathic patients. In a study conducted by Nagai T et al., The endo-
thelin 2 A985T allele has been shown to be a genetic risk factor for the development of AF in
hypertrophic cardiomyopathic patients [10]. It is presented primer sequences that used to
determine Endothelin 2 A985G gene polymorphism in Table 4.

5. Connexins gene polymorphisms

AF can also occur when there is or no structural heart disease. Most of the foci that cause AF are at
the site where combine the cardiomyocytes and vascular smooth muscle cells are located near the
pulmonary venules. Connexins (Cx) are gap junction proteins and play an important role in direct
cell-cell interactions in the majority of the tissues of the body in electrical conduction in the heart.
It is known that there are 20 different Cxs in humans, and each Cxs create channels with different

9
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Genes Primer Primer sequences

Cx37 1019 C>T Forward 5'-CTGGACCCACCCCCTCAGAATGGCCAAAGA-3'
Reverse 5'-AGGAAGCCGTAGTGCCTGGTGG-3'

Cx40 G-44A Forward  5-CCCTCTTTTTAATCGTATCTGTGGC-3'

Reverse 5-GGTGGAGGGAAGAAGACTTTTAG-3'

PCR, polymerase chain reaction; Cx, connexin.

Table 5. Sequence of primers for the connexins.

characteristics and specific expression patterns. The polymorphisms occur in gap junction channels
and in Cx proteins that play a role in action potential spread. Variants that occur in genes encoding
variants that occur in genes encoding Cx40 and Cx37 that contribute to pulmonary vein-arrhyth-
mogenic affect gene expression and function. Cx40 and Cx37 that contribute to pulmonary vein-
arrhythmogenic affect gene expression and function. Variants that occur in genes encoding Cx40
and Cx37 that contribute to pulmonary vein-arrhythmia affect gene expression and function. The
(x40 gene is encoded by GJA5 and is expressed in endothelial cells, coronary vascular smooth mus-
cle cells, atrial cardiomyocytes and cardiac conduction systems. In GJA5, the TATA box sequence
also changes is the result of the single nucleotide polymorphism found in the promoter region.
(x40 gene modulates broad mRNA levels and is known to be associated with AF. In a previous
study, Cx40-26G>A gene polymorphism-26G allele was identified as a genetic risk factor in patients
with cardiomyopathy AF. In a study performed by Carballo et al., Cx40-26G>A gene polymor-
phism was found to affect protein expression levels in cardiomyocytes and this polymorphism was
associated with structural AF. There are significant relationships between polymorphisms occur-
ring in GJA5 in the Cx40 gene and susceptibility to AF. Somatic mutations in the Cx40 gene have
also been associated with idiopathic AF. The Cx43 gene is also encoded by GJA1 and is expressed
by ventricular, atrial cardiomyocytes, vascular smooth muscle cells, endothelial cells, monocytes
and macrophages. Other genes and polymorphisms associated with polymorphisms in the CX43
gene have also been reported to be effective in the development of AF. The Cx37 gene is encoded by
GJA4 and is found in endothelial cells, pulmonary and vascular smooth muscle cells, monocytes/
macrophages and platelets. Polymorphisms occurring in GJA4 in the Cx37 gene are associated with
atherosclerosis and coronary heart disease, and these polymorphisms have an effect on monocyte
adhesion. Thus, they are important in the regulation of local inflammation. Systemic and local
inflammation may play a role in the development of AF before or after surgery in some cases. The
1019 C>T gene polymorphism in the CX37 gene in GJA4 is characterized by proline/serine (P3195)
substitution at position 319 in the cytoplasmic tail of the Cx37 gene. As a result, channel conductiv-
ity and permeability change. Cx37 1019 C>T gene polymorphism is also associated with platelet
aggregation or monocyte adhesion. Due to the effect of this polymorphism on monocyte adhesion,
sensitivity to non-structural AF may change [11-13]. It is presented primer sequences that used to
determine Cx37 1019 C>T, Cx40 G-44A gene polymorphisms in Table 5.

6. Gamma-glutamyl carboxylase gene polymorphism

Warfarin, an oral anticoagulant, is used in the correction of various thromboembolitic dis-
orders such as prosthetic heart valves, deep vein thrombosis and pulmonary embolism.
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Genes Forward primer (5'-3") Reverse primer (5'-3')
15699664 AGTGGCCTCGGAAGCTGGT ACACAGGAAACACTGGGCTGAG
152592551 GGACTTAGAAAGGAACGGATGA CTTGAGAAAAGGCAAAGCAGAC

PCR, polymerase chain reaction; SNP, single nucleotide polymorphism; GGCX, gamma-glutamyl carboxylase.

Table 6. Primer sequences used in PCR for GGCX.

Thromboembolism or bleeding may develop as a result of inadequate or excessive intake of
warfarin. Discomforts such as stroke and systemic thromboembolism can be reduced with
anticoagulant treatments. Factors such as age, body size, environment, interacting drugs
and gene polymorphisms are effective at warfarin dose requirements. Stable warfarin dose
is affected by gene polymorphisms such as single nucleotide gene polymorphism. These
polymorphisms play a role in the modulation of warfarin pharmacodynamics and pharma-
cokinetics. Gamma carbon carboxylation occurs on gamma glutamic acids. Gamma-glutamyl
carboxylase (GGCX) found in the endoplasmic reticulum membrane oxidizes vitamin K-2,3
epoxite reduced vitamin K. Therefore, functional vitamin K-dependent clotting factors (II,
VII, IX and X) are produced by this enzyme. GGCX catalyzes the biosynthesis of vitamin
K-dependent clotting factors. Thus, this enzyme affects warfarin metabolism. Warfarin
metabolism, one of the most frequently used anticoagulants in clinical therapy, is affected by
the GGCX enzyme. GGCX is a gene that plays an important role in the individual differences
of warfarin response. Warfarin is a common anticoagulant that a narrow therapeutic range.
Genetic factors that play an important role in warfarin dose requirements include GGCX
gene polymorphisms. GGCX gene that consisted of 15-exon is located on human chromo-
some 2p12. It has been reported that there is a relationship between polymorphisms occurring
in the GGCX gene and warfarin dose variability. GGCX rs11676382, rs12714145, rs10654848
and rs699664 gene polymorphisms are the most common polymorphisms of the GGCX gene.
GGCX 1511676382 (C>G) gene polymorphism found in intron 14 was found to be associated
with low Warfarin dose requirements in the Caucasus. Inintron 2, GGCXrs12714145 (3261G>A)
gene polymorphism was found to have more warfarin dose requirements in Chinese patients
with the AA genotype. In Caucasians and African Americans, there is a significant relation-
ship between GGCX 1510654848 microsatellite (DNA repeats) gene polymorphism in intron 6
and high warfarin dose requirements. GGCX rs699664 gene polymorphism, characterized by
a G/A base substitution at the 8th exon. This displacement results in the arginine/glutamine
amino acid exchange at position 325. In Japanese and Chinese patients, a significant relation-
ship was determined between this polymorphism and high warfarin dose requirements. In
contrast, in Caucasians or African Americans, this gene polymorphism was found not to be
associated with warfarin dose. In AF patients, it was determined that GGCX rs699664 gene
polymorphism was significantly correlated with GA, AA genotypes and high warfarin dose
requirements. Another polymorphism associated with warfarin dose in patients with AF is
the GGCX rs2592551 gene polymorphism. The effect of GGCX rs2592551 gene polymorphism
on the warfarin dose was investigated in a study conducted by Kamali et al. in a population
living in the Xinjiang region (region of multiple ethnic communities of Khan, Uyghur, Kazakh,
Hui, Kyrgyz, Mongol and Tajik). In this study, CT and TT genotypes of GGCX rs2592551 gene
polymorphism were found to be associated with higher warfarin dose requirements than CC
genotype in patients with AF [14, 15]. It is presented primer sequences that used to determine
GGCX 15699664, 152592551 gene polymorphisms in Table 6.
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7. G-protein B3 subunit C825T gene polymorphism

G-protein 33 subunit C825T gene polymorphism plays an important role in the change of elec-
trophysiological properties of human atrium. This polymorphism occurs in 10th exon of gene,
which encodes the G-protein 33 subunit. It has been determined by Siffert et al. that this poly-
morphism is a genetic risk factor in the development of hypertension. Increased human atrial
internal rectifier regulatory potentials have been associated with the TT genotype of G-protein
(3 subunit C825T gene polymorphism. There is also a significant relationship between the TT
genotype of the G-protein (33 subunit C825T gene polymorphism and the increased internal
rectifier flow and reduced acetylcholine stimulating potassium flux in the human atrium. In
the European white population, 825 T allele of G-protein 3 subunit C825T gene polymor-
phism was found to be significantly associated with various cardiovascular disorders such as
increased obesity, hypertension, left ventricular hypertrophy and coronary artery disease. In
a study performed by Schreieck et al., heterozygote T and homozygote T allele carriage were
found to be low risk factors for AF development. G-protein (33 subunit the TT and CT geno-
types of the C825T gene polymorphism play an important role in atrial cellular electrophysi-
ological changes. In a study conducted by Dobrev et al., it was determined that TT genotype
of this polymorphism correlates with the downregulation of acetylcholine mRNA transcripts
in human atrial myocytes. Although there is no relationship between G-protein (33 subunit
C825T gene polymorphism and any arrhythmia, in some studies this polymorphism has been
associated with the risk of developing AF. In conclusion, gene polymorphisms encoding ion
channels are very important in AF pathogenesis. Identification of these polymorphisms will
elucidate the multigenic mechanism of AF predisposition [16]. It is presented primer sequences
that used to determine G-protein 3 subunit C825T gene polymorphism in Table 7.

Genes Primer Primer sequences

G-protein (33 subunit C825T Forward 5-TTCTCCCACGAGAGCATCATCT-3'
ene

8 Reverse 5'-GTCGTCGTAGCCAGCGAATAGTA-3'

Allele 825C probe  5-CATCACGTCCGTGGCCTTCTCC-3'
Allele 825T probe  5'-CATCACGTCTGTGGCCTTCTCCCT-3'

PCR, polymerase chain reaction.

Table 7. Sequence of primers for G-protein 33 subunit C825T gene polymorphism.

8. Polymorphisms in the genes coding ion channels

8.1. KCNN3 rs13376333 gene polymorphism

Differences in populations due to myocardial membrane stability, conduction routes or
genetic polymorphisms are important factors in predisposing to AF development. In recent
association studies, gene polymorphisms found on chromosomes 4q25, 16q22 and 1g21 have
been identified as genetic risk factors for AF development. Moreover, these genetic variants



Gene Polymorphisms Associated with Atrial Fibrillation
http://dx.doi.org/10.5772/intechopen.76920

are more important in the development of early onset AF. The relationship between these
gene polymorphisms and the risk of developing AF has been explored in different popula-
tions. From these populations, in one Chinese and European origin considerable differences
have been found in terms of these polymorphisms. rs2200733 on the 4q25 chromosome and
rs106261 gene polymorphisms on the 16q22 chromosome have been observed quite often in
the Chinese population in particular. However, the relationship between the rs7193343 gene
polymorphism on the 1622 chromosome and the risk of developing AF was not significant
in the Chinese Han population. In a study conducted by Ellinor et al. with the European
population, KCNN3 single nucleotide gene polymorphism, which is associated with AF in the
new genetic locus, has been discovered in the potassium medium/small conductance calcium-
activating channel. The KCNN3 gene encodes voltage-independent calcium and activated
potassium channels. The KCNNS3 1513376333 gene polymorphism is located between the first
and second exons of the KCNN3 gene. There are three subtypes of potassium channels as
SK1, SK2 and SK3. Atrial myocytes are formed by the subunits of these channels to form
heteromultimeric complexes. The expression of SK3 channels is similar to the expressions
of SK1 and SK2 channels. There are studies showing that the relationship between these SK
channels and AF is significant. However, more studies are needed to determine the role of
SK3 channels in AF development. Studies were also conducted in the Asian population to
investigate AF associations with KCNN3 gene polymorphisms, which are the ionic channel
gene identified in AF GWAS. However, a large number of replication studies are needed to
determine this relationship. In a study conducted by Chang et al., KCNN3 rs13376333 gene
polymorphism in the Taiwanese population was found to be an important risk factor for the
development of AF. Also Ellinor et al. showed that there is a significant association between
AF and KCNN3 rs13376333 gene polymorphism. In a study conducted with Chinese Han
population, KCNN3 rs13376333 gene polymorphism has not been identified as a genetic risk
factor in the development of AF. In Taiwan and China populations, the T allele of KCNN3
rs13376333 gene polymorphism was observed at a significantly lower frequency [17].

8.2. SCN10A gene polymorphism

Voltage-gated sodium channels play an important role in impulse generation and conduction
during the rising phase of action potential in excitable cells. There are sodium channel iso-
forms in the heart. These channels include voltage-gated sodium 1.1, voltage-gated sodium
1.3, voltage-gated sodium 1.5 (Na, 1.5), voltage-gated sodium 1.6 and voltage-gated sodium
1.8 channels. The Na 1.5 encoded by SCN5A is responsible for the regulation of cardiac con-
duction. The Nav1.5 channel plays a very important role in cardiac impulse spread. As a
result of the activation of sodium channels, the cardiac action potential is rapidly increasing.
Each sodium channel consists of an a subunit and modulating (3 subunits. The a subunit of
the NaV1.5 channel is encoded by the SCN5A gene. Each of the Nav1l.5 a subunit consists
of 4 homologous domains (DI-DIV) with 6 transmembrane alpha helices (51-S6). The S1-54
domains are repeatable and these domains constitute the voltage sensing areas of the channel.
The functional pore and selectivity filter of the sodium channel consists of S5, S6 and S5-56
loops. More than 300 mutations have been identified in the SCN5A gene. SCN5A mutations
determined to be associated with Brugada Syndrome (BrS) lead to variable reductions in the
sodium flow inward with channel transit changes. These channel passing changes delayed
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activation, increased inactivation, slow recovery from inactivation, or impaired exchange of
channel. As a result, decrease in expression occurs in the cell membrane. Consequently, these
mechanisms cause loss of function in the cardiac sodium channel. The most common geno-
type found among BrS patients stems from mutations in the SCN5A gene. As a result of these
mutations occurring in the gene, there is a loss of function in the cardiac sodium channel
through different mechanisms. Depolarization or repolarization of cardiac action potential
may be affected by due to reduced sodium current. Nevertheless, the underlying pathophysi-
ological mechanism of the BrS phenotype is still being discussed [18]. BrS is defined as a dis-
ease characterized by sudden cardiac death characterized by a right bundle branch with an ST
segment elevation in leads V1 and V2 in 1992. This syndrome was found to be associated with
sudden cardiac death, especially in young men [19]. BrS, determined to be genetic, is a cardiac
electrical disorder. BrS, an arrhythmogenic and autosomal dominant inherited cardiac syn-
drome, is characterized by typical electrocardiographic changes. In a study conducted in the
Chinese population, localized in the domain II S4 segment of NaV1.5 a subunit protein, a new
mutation, L812Q mutation, has been described. In this study, it was shown that this mutation
improved the sodium channel inactivation process and disrupted the membrane expression
of the canal in BrS patients [18]. In a Dutch population study, it was determined that SCN5A
gene mutations, which cause loss of function in BrS patients, are associated with dilation and
deterioration in contractile function of both ventricles [20]. In another study, SCN5A showed
a high penetrance for BrS in a large family with the E1784K mutation. In addition, in the
same study, overexpressing phenotypes of BrS were shown in E1784K and H558R carriers
after the fourth decades of their lifes [21]. There is an effect in the cardiac electrophysiologi-
cal properties of sodium-gated voltage channel 1.8 via the effect intrinsic on cardiac ganglion
neurons. In the isolated ventricular myocardium, it is known that the sodium-gated voltage
1.8 channel is not expressed. In isolated intrinsic cardiac ganglia, there are immunoelectro-
chemical studies indicating that significant amounts of sodium-gated voltage 1.8 channels
are expressed. Facer et al. have shown that sodium-gated voltage 1.8 channel immunoreac-
tive sensory nerves are present in human atrial myocardium. Voltage-gated sodium 1.8 chan-
nel is encoded by SCN10A and is a tetradoxin (TTX)-resistant sodium channel. This channel
is expressed in dorsal root ganglia, cranial sensory ganglion sensory neurons. The SCN10A
gene, which contains 27 exons, is localized on chromosome 3q22.2. The SCN10A gene has been
shown to be associated with cardiac transmission. Because the SCN10A gene plays a role in
increasing the PR interval and QRS duration in the electrocardiogram. Therefore, it was found
that there is a relation between SCN10A and AF development. The SCN10A sodium-gated
voltage 1.8 channel plays an important role in modulating the induction of AF. Verkerk et al.
have demonstrated that the SCN10A sodium-gated voltage 1.8 channel is present in intrin-
sic cardiac neurons. In a study conducted by Chambers et al., a significant relationship was
found between SCN10A rs6795970 gene polymorphism and PR interval. SCN10A rs6795970
(G>A) gene polymorphism is a missense mutation and causes an A1073V amino acid substitu-
tion in the sodium-gated voltage channel 1.8 IDII/III intracellular cycle. In a study conducted
by Ritchie et al., the G allele of SCN10A rs6795970 gene polymorphism was found to be a
genetic risk factor for the development of AF. In another study performed by Sabbari et al., G
allele of SCN10A rs6795970 gene polymorphism was associated with increased risk of AF. A
significant association was found between the SCN10A rs6800541 gene polymorphism and
AF development in the study conducted by Pfeufer et al. [22, 23].
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8.3. KCNE1 G38S gene polymorphism

KCNE1 widely known as a potassium ion channel encoding gene for humans and it is local-
ized on chromosome 21q22.1-21q22.2 encoding the subunit of the potassium ion channel (IKs).
KCNE1 plays an important role in atrial and ventricular repolarization. The KCNE1 gene was
discovered by Murai et al. in 1989. Studies have shown that KV7.1, the a subunit of the IKS cur-
rent, plays an important role in AF pathogenesis. The regulatory 3 subunits of the IKS current
also bind to the KCNEL1 gene. Biophysical properties of these {3 subunits of KV.71 can be altered
by expression together. The (3 subunits of IKS contain 130 amino acids, which is called the Mink
protein. Several single nucleotide gene polymorphisms have been identified in the KCNE1 gene.
The most common of these polymorphisms is the KCNE1 G38S (rs1805127 G>A, G38S) poly-
morphism. The KCNE1 gene polymorphism is characterized by a glycine or serine amino acid
substitution in the 38th position of the gene. As a result, stronger IKs flows occur. Various studies
have been carried out to demonstrate that the KCNE1 gene and polymorphisms are highly effec-
tive in AF pathogenesis. In a study conducted by Lai et al., a significant association was found
between the risk of developing AF in the Taiwanese population and the KCNE1 G38S gene poly-
morphism. Despite this conclusion in the Taiwanese population, it has been determined that
this polymorphism is not a genetic risk factor in the development of AF in the Chinese popula-
tion. Studies conducted with European and Uighur populations have also found that KCNE1
G38S polymorphism is a risk factor associated with AF. A total of 14 studies were conducted to
investigate the relationship between KCNE1 G38S gene polymorphism and the risk of devel-
oping AF. In eight of these studies, a significant relationship was found between the risk of
developing KCNE1 G38S gene polymorphism and AF. However, no significant relationship was
determined in other six studies. In a meta-analysis study conducted by Jiang et al., to evaluate
the relationship between KCNE1 G38S polymorphism and AF, it is concluded the KCNE1 G385
gene polymorphism increased AF risk. In a study carried out by Yadav et al., in the North Indian
population, KCNE1 G385 gene polymorphism was found to be not a risk factor for postoperative
AF development. In a study by Chen et al., it was found that the arrhythmia matrix is important

SNP rs Forward primer (5'-3") Reverse primer (5'-3)

KCNN3 TGAGAGCACCTGCAGACATC GCAGCAAGAAGTGGGTCAAT
1513376333

SCN10A-1 ATGACCCGAACTGACCTTCC TGACGCTAAAATCCAGCCAGT
156795970

SCN10A-2 TGACAGAGGAGCAGAAGAAATACTACA GTTGAGGCAGATGAGGACCA
16795970

KCNE1 GTGACGCCCTTTCTGACCAA CCAGATGGTTTTCAACGACA
151805127

KCNE1 TGGGCTCTATTTTCAG CCATTGGTCATTTTCC
151892593

PCR, polymerase chain reaction; SNP, single nucleotide polymorphism.

Table 8. Primer sequences used in PCR for polymorphisms in the genes coding ion channels.
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at the onset or maintenance of AF. The arrhythmia matrix is formed by the interaction of proteins
encoded by KCNE1 with other proteins. Therefore, the KCNE1 gene plays a very important role
in regulating cardiac rhythm. Studies involving subgroup analyzes also found that the risk of
developing AF in white populations with risk alleles was higher than in the Chinese population.
The pathogenesis of AF is unknown. However, as a result of mutations in the genes encoding
the ion channel, AF can develop due to a decrease in IKs. Environmental factors and genetic fac-
tors play a role in the pathogenesis of AF. It has been determined that different polymorphisms
in genes encoding ion channels other than the KCNE1 G38S gene polymorphism may also be
important risk factors for AF development [24, 25]. It is presented primer sequences that used to
determine polymorphisms in the genes coding ion channels in Table 8.

9. RPL3L and MYZAP gene polymorphisms

A polygenic process involving transcription factors, cardiac ion channels, myocardial and
cytoskeletal proteins plays an important role in AF pathogenesis. Based on the entire genome
sequence, GWAS has shown that three low-frequency coding variants are effective in the devel-
opment of AF. The myosin sarcomeric genes MYH6 and MYL4, the cytoskeletal gene PLEC, are
these variants. MYH6, MYL4 and PLEC genes also encode cardiomyocyte structural compo-
nents such as MYZAP. Ribosome activity can be specifically regulated in the cell via changes
in the ribozyme protein composition. The eukaryotic ribosome consists of 4 different ribosomal
RNAs and about 80 ribosomal proteins. This ribosome plays an important role in translating the
messenger mRNA into a protein. Ribosomal proteins or genes encoding ribosome biogenesis
factors may result in mutations leading to ribosomopathy, a hereditary disease. It is known that
RPL3L-containing ribosomes may cause translational activity changes. Among RPL3L missense
mutations, a negative regulator of muscle growth, p.Ala75Val and p.Glyl12Arg mutations are
important. Apart from these mutations, the RPL3L ¢.1167+1G>A mutation is involved in the
impairment of the interaction of RPL3L with endoplasmic reticulum. As a result of these muta-
tions, the risk of developing AF is increasing. Human Myozap mRNA is expressed primarily in
the heart. Myozap regulates serum response factor signaling in the nucleus. This is why it plays
an important role in cardiac signal transduction. Mutations in intercalated disk genes result in
cardiomyopathies and sudden cardiac deaths that are a significant risk for AF. AF variants are
defined in the genes coding for components of intercalated discs and in the vicinity of these genes.
Seeger et al. found the MYZAP gene in the components of intercalated discs. Intercalated discs
are a cell-cell contact structure that provides mechanical, electrical and chemical communication
between cardiomyocytes. The risk of AF is also increasing as a result of MYZAP p.GIn254Pro
gene polymorphism. In a previous study, there was a significant relationship between four low-
frequency coding variants in the RPL3L and MYZAP genes and the risk of developing AF. The
missense variant in MYZAP was identified as a genetic risk factor in the development of AF [26].

10. Gene polymorphisms and C-reactive protein levels related to
inflammation

Several studies have been carried out to investigate the relationship between inflammation and
AF. These studies have led to the conclusion that inflammation may cause AF or play an important
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role in the onset and maintenance of AF. Myocarditis, pericardiotomy and C-reactive protein
(CRP) levels were associated with AF, a dysrhythmia, in studies conducted. However, in some
other studies, it has been determined that there is a relationship between AF and the induction
of inflammatory response. Previous studies have suggested that AF may be due to inflammatory
processes and there is a significant relationship between the CRP levels and the risk of develop-
ing AF in these studies. A study performed by Lo et al. found a significant relationship between
high basal CRP levels and increased postoperative AF risk. Non-Willebrand factor expression,
which is effective in tissue factor, fibrinogen, factor VIII and prothrombic state, is induced by the
IL-6 gene, which plays an important role in inflammation. Another study by Gaudino et al. found
that =174 G/C polymorphism, a polymorphism in the promoter region of the interleukin-6 (IL-6)
gene, was a significant effect on the inflammatory response and was associated with the risk of
postoperative AF development. Also Marcus et al., in their study showed a significant relation-
ship between increased IL-6 levels and the risk of developing AF. There is also a study showing
that patients with high CRP levels have higher AF risk than patients with normal CRP levels [27].

11. Gene polymorphisms on chromosome 4q25

There are four unique nucleotide polymorphisms on the 425 chromosomal region, rs2200733,
152220427, 52634073 and rs10033464, and in studies conducted in European and Chinese pop-
ulations, a significant relationship was found between these polymorphisms and the risk of
developing AF. There are no known biological roles of these single nucleotide polymorphisms.
These polymorphisms near to the homedomain transcription factor 2 (PITX2) gene and poten-
tially alter the function of this factor. PITX2 is involved in the cardiac pathogenesis of ischemic
and pulmonary venous access pathways. rs2200733 and rs13143308 that among the polymor-
phisms found on the 4q25 chromosome have also been identified as genetic risk factors for
AF development. There are also several epidemiological cohorts recently showing a signifi-
cant association between rs2200733, rs10033464 single nucleotide polymorphisms located in
the 4925 chromosome and AF development. In a recent study, rs2200733 polymorphism was
found to be a genetic risk factor for AF development, proliferation and recurrence [28].

12. PRRX1 rs3903239 gene polymorphism

PRRX1 (paired-related HomeBox 1) is a gene encoding homedomain transcription factor that
is expressed high in the developing heart. As a result of GWAS, the molecular mechanisms
related to AF have been tried to be elucidated. In a recent meta-GWAS, significant correlations
were found between the risk of developing rs3903239 polymorphism and AF on the 1q24 chro-
mosome of the PRRX1 gene. In another study conducted with the Greek population, the role of
the genetic interaction between PRRX1 rs3903239 and PITX2 rs2200733 gene polymorphisms
in the development of AF was investigated and no significant interaction could be detected
between these polymorphisms in AF patients. In addition, there was no significant difference
in terms of PRRX1 rs3903239 allele frequencies and genotypes between AF patients and healthy
controls in the same study. In another study conducted with the Chinese population, PRRX1
1rs3903239 gene polymorphism was not detected as a significant genetic risk factor for AF [29].
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13. B-fibrinogene 455G/A gene polymorphism

Various studies have been conducted to investigate the relationship between (3-fibrinogen 455G/A
polymorphism and ischemic stroke in different populations. In a study conducted by Kessler
et al, the AA genotype of the 3-fibrinogen 455G/A polymorphism was more observed in patients
with major vascular infarction. In a study conducted by Nishiuma et al., in a Japanese population,
A allele of (3-fibrinogen 455G/A polymorphism was identified as an independent risk factor for
hypertensive patients. In a study conducted by Martiskainen et al., a significant association was
found between the A-allele and the lacunar infarction susceptibility in the (3-fibrinogen 455G/A
polymorphism. In a study conducted by Zhang et al., in the Chinese population, p-fibrinogen
455G/A polymorphism was found to be a genetic risk factor in the development of ischemic
stroke. There are some meta-analysis studies showing that (3-fibrinogen 455G/A polymorphism
is associated with ischemic stroke in Chinese or Asian populations. A number of studies have
been conducted to determine the association between this polymorphism and ischemic stroke,
but no study has shown genetic effects in the pathogenesis of cardioembolic stroke in AF patients.
The role of B-fibrinogen 455G/A polymorphism in cardioembolic stroke pathology is unclear.
Promoter elements play an important role in regulating gene transcription. Transcription factor
binding sites and transcription initiation rates can be varied by a promoter variant. 3-fibrinogen
455G/A polymorphism has an important stimulatory effect on the rate of basal and induced tran-
scription rate of the p-fibrinogen gene. There is a significant association between A allele of this
polymorphism and increased promoter activity. 3-Fibrinogen 455G/A polymorphism is one of
the genetic polymorphisms associated with an increase in plasma fibrinogen. The increase in
fibrinogen levels of individuals with A allele is greater than the increase in fibrinogen levels of
individuals with G allele. Therefore, A allele of 3-fibrinogen 455G/A polymorphism was found to
be associated with higher fibrinogen level. Platelet aggregation, fibrinogen, an important deter-
minant of blood viscosity, is a component that plays a role in the coagulation cascade. As a result
of elevated fibrinogen levels, thrombosis progresses and coagulation increases. In animal studies,
fibrinogen applications have been shown to increase thrombosis and embolic status at increasing
doses. In addition, it is known that fibrinogen has been implicated in triggering various inflam-
matory processes. As a basic component of inflammation, fibrinogen can cause impairment of
thrombus plaque and is effective in the development of ischemic stroke. As a result of all these
events, hemorheological disorders occur. As a result of all these events, hemorheological disor-
ders occur. Other polymorphisms that occur in the fibrinogen gene may also cause high fibrinogen
concentrations such as p-fibrinogen 455G/A polymorphism p-fibrinogen 455G/A polymorphism
has also been proven to be ineffective in the development of thrombotic events. In a study carried
out by Xiaofeng Hu et al., in Chinese AF patients, proved that there is a relationship between
increased risk of cardioembolic stroke and (3-fibrinogen 455G/A polymorphism [30].

14. MTHFR (C677T and A1298C) and MTR A2756G gene
polymorphisms

Hyperhomocysteinemia plays an important role in the pathogenesis of nonvalvular AF.
Hyperhomocysteinemia develops as a result of polymorphisms occurring in genes encoding
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Genes Forward primer (5'-3") Reverse primer (5'-3')

MTHER C677T biotinTGAAGGAGAAGGTGTCTGCGGGA CCACTCCAGCATCACTCACT

MTHFR A1298C  biotinCAAGGAGGAGCTGCTGAAGA CTTGAGAAAAGGCAAAGCAGAC

MTR A2756G CATGGAAGAATATGAAGATATTAGAC biotinGAACTAGAAGACAGAAATTCTCTA

PCR, polymerase chain reaction; SNP, single nucleotide polymorphism; MTHER, methylenetetrahydrofolate reductase;
MTR, methionine synthase reductase.

Table 9. Primer sequences used in PCR for MTHFR C677T and A1298C, MTR A2756G.

homocysteine metabolism. These polymorphisms are thought to be effective in the devel-
opment of nonvalvular AF, which is the most common arrhythmia in clinical practice.
Homocysteine is a highly reactive, sulfur-containing amino acid that occurs as a product
of the essential amino acid methionine. Gene polymorphisms known to be associated with
homocysteine occur in genes encoding enzymes that play a role in the metabolism of homo-
cysteine. Of these polymorphisms, MTHFR C677T and A1298C gene polymorphisms are
associated with a decrease in MTHFR enzyme activity. In addition to these polymorphisms,
there is also the MTR A2756G gene polymorphism. Homocysteine plays an important role in
the pathogenesis of AF and there are studies showing that there is a significant relationship
between increased homocysteine levels and AF. In some studies, there was a significant rela-
tionship between MTHFR C677T gene polymorphism and increased plasma homocysteine
levels in patients with low folate levels. There are few studies related to MTHFR A1298C
and MTR A2756G polymorphisms. In a study conducted by Betti Guisti et al., there was a
significant relationship between plasma total homocysteine levels and MTHEFR C677T gene
polymorphism genotype distributions in patients with nonvalvular AF. Furthermore, no sig-
nificant relationship was observed between plasma total homocysteine levels and MTHFR
1298AA and MTR 2756GG genotypes in nonvalvular AF patients. Given the combined geno-
type distributions, it is known that the MTHFR C677T and A1298C gene polymorphisms are
related to each other [31]. It is presented primer sequences that used to determine MTHFR
(C677T and A1298C) and MTR A2756G gene polymorphisms in Table 9.

15. Conclusion

Different results have been obtained in gene polymorphism studies to explain the pathogenesis
of AF in which environmental and genetic factors play a role together. Differences in the results
of these studies may result from different selection criteria for patients and control groups.
Moreover, the findings obtained from these studies are different from each other because they
are carried out with different races and populations. Identification of genes associated with AF
and polymorphisms that occur in these genes will allow us to have information about the under-
lying mechanisms of the disease in susceptibility to this disease. Identification of candidate genes
that play a role in genetic susceptibility to AF will be mentor to the prevention of this disease
and the development of new therapies for disease. In order to be able to explain the pathogenesis
of AF and to develop appropriate therapies for this disease, comprehensive studies should be
conducted with different populations and with a large number of patients and control groups.
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Abstract

Atrial flutter (AFL) is a regular, macro reentrant arrhythmia traditionally defined as a
supraventricular tachycardia with an atrial rate of 240-320 beats per minute (bpm). Path-
ophysiology of atrial flutter and atrial fibrillation (AF) is closely related to the similar risk
of stroke and they coexist clinically. Atrial flutter is classified to cavotricuspid isthmus
(CTI) dependent (or typical) and non-isthmus dependent (atypical). Isthmus is a distinct
structure in the right atrium (RA) through which atrial flutter passes and makes a good
target for ablation therapy. Ablation is the primary therapy in atrial flutter, particularly in
CTI dependent group, with regard to its safety profile and high success rate of approxi-
mately 90%. Three-dimensional electroanatomic mapping is progressively being used to
ablate atypical forms of atrial flutter.

Keywords: typical flutter, atypical flutter, cavotricuspid isthmus, mapping, isthmus block,
differential pacing, entrainment, ablation

1. Introduction

Atrial flutter is between three important atrial arrhythmias resulting remarkable morbidities
including heart failure and stroke. Atrial flutter has been defined as a macro-reentrant arrhyth-
mia around an anatomic obstacle with an area larger than 2 cm? Fast atrial activation inside
the atria produces sinusoidal flutter waves at a rate of 240-320 bpm with no baseline isoelec-
tric, most clearly visible in inferior and V1 leads in the surface ECG. Atrial flutter and fibrilla-
tion frequently coexist and atrial flutter can degenerate into atrial fibrillation. With regard to
the mechanism of flutter (reentry), this atrial tachyarrhythmia is very amenable to Radio-
frequency Ablation (RFA). In this chapter, clinical aspects of atrial flutter will be discussed in
detail which includes classification, clinical manifestation, ECG and electrophysiological char-
acteristics and medical or invasive management.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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2. Epidemiology

Overall, the incidence of AFL in the United States is 88 per 100,000 person-years. 15% of
supraventricular arrhythmias are AFL and usually coexists with AF. More than 80% of patients
who undergo RFA of typical AFL will have AF within the following 5 years. The incidence of
AFL in men is more than twice that of women. Paroxysmal AFL can be seen in patients with no
structural heart disease (SHD), whereas chronic AFL is frequently associated with underlying
SHD, such as valvular disease or heart failure. Acute AFL may happen secondary to acute
disease process, such as pericarditis, pulmonary embolism, exacerbation of lung disease,
following heart or lung surgery, or myocardial infarction. [1]

3. Definition and classification

AFL is defined as abnormal atrial activity inside a reentrant circuit with a diameter more than
2 cm? at a high rate of 240-320 bpm which makes a continuous oscillation without an isoelec-
tric baseline [2]. In contrast, focal atrial tachycardia (AT) is a rapid abnormal atrial rhythm
originating from a “point source” with a baseline between P waves on ECG. The most practical
classification is based on isthmus versus non-isthmus dependency (Diagram 1). According to
the new classification, typical AFL is a macroreentrant atrial tachycardia that usually proceeds
up the atrial septum (counterclockwise or CCW), down the lateral atrial wall, and through the
CTI between the tricuspid valve annulus and inferior vena cava (IVC). It is also known as
“common AFL” or “CTI-dependent AFL.” When the circuit rotates in the opposite direction, it
is referred to as clockwise (CW) typical AFL or reverse typical AFL (Figure 1). Clockwise AFL
is observed in only 10% of clinical cases. However, the flutter wave morphology might change
in the presence of underlying atrial disease, prior surgery, or previous ablation which makes
the flutter wave morphology not a reliable indicator of AFL type [2, 3].

Atypical flutter, or “non-CTI-dependent macroreentrant atrial tachycardia,” is attributed to
those flutters that do not use the CTI originating in the right (RA) or left atrium (LA) [3]. In this

Diagram 1. Classification of atrial flutter (see the text for discussion).
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Figure 1. Counterclockwise typical flutter (a), clockwise typical flutter (b), atypical flutter (c), atrial fibrillation (d), atrial
flutter 1:1 in a patient on flecainide (e). In tracing d, the atrial waves amplitude in V1 is changing with irregular irregular
RR interval.

group, different circuits have been described, including “perimitral flutter” reentry, LA roof
dependent flutter and reentry around scars from previous surgery or ablation in atria. Obvi-
ously, these flutters are not amenable to ablation of the CTI, but common AFL often coexists
with these atypical reentry circuits [4].

3.1. Anatomy of the CTI

The CTI is bounded anteriorly by the tricuspid annulus and posteriorly by the ostium of the
IVC and the eustachian ridge. The width and muscle thickness of CTI are variable, from
several millimeters to around 3 cm in width and depth of 1 cm roughly. The CTI is wider in
the lateral portion and thinner in the central portion. The central isthmus is concave and
pouch-like in 47 and 45% of patients, respectively. The subeustachian isthmus is the area
between the tricuspid annulus and the eustachian ridge which ends in IVC junction. The
pectinates, spare the myocardium just in atrial part of the tricuspid valve and makes the
smooth portion of the CTI which is referred to as the vestibular portion. Of note, the septal
part of the CTI is adjacent to the posterior extensions of the AV node as well as the middle
cardiac vein [5, 6]. This anatomic proximity explains the higher risk of AV block if ablation is
done in the septal aspect. Also, the smooth vestibular portion around the tricuspid valve lies
very close to the right coronary artery.

4, Clinical manifestation

The patients with flutter sometimes are asymptomatic or may present with a variety of
symptoms including palpitations, dyspnea, fatigue, dizziness or reduced functional class.
However, it might be the first presentation of more serious conditions like acute pulmonary
embolism, acute coronary syndrome or acute pulmonary edema. The severity of symptoms
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closely depends on the baseline left ventricular ejection fraction (LVEF), ventricular rate during
the flutter and underlying SHD. As a common scenario, the patients present with a stroke or
with decompensated heart failure secondary to tachycardia-induced cardiomyopathy. AFL
occurs in nearly 25% of patients with AF.

5. Management

5.1. Acute management

The clinical presentation will dictate acute therapeutic approach which may include cardio-
version or rate control strategy. Cardioversion (electrical or chemical) is usually the initial
treatment of choice. Antiarrhythmic medication such as intravenous amiodarone, sotalol, have
been reported with a high success rate of chemical cardioversion. These class III antiarrhyth-
mics prolong the refractory period leading slower cycle length which could terminate AFL.
Interestingly, intravenous ibutilide has been more effective than the formers up to 76% of
patients. Electrical cardioversion at a low energy of 50 ] has very high success rate. Overdrive
atrial pacing by a catheter in RA or in preexisting pacemaker/defibrillator is an effective
alternative option in terminating typical AFL. Anticoagulation by using the same criteria as
for AF, prior to cardioversion should be considered [3]. In order to control the rate, oral or
intravenous atrioventricular node (AVN) blockers such as verapamil, diltiazem, beta blockers,
and digoxin, can be used. However, the rate control is difficult to achieve as opposed to AF.

5.2. Chronic management

If AFL occurs in the context of an acute disease process, long-term rhythm control medication
is usually not required once the AFL is converted and the underlying pathologic process is
eliminated. However, if there is a certain substrate for AFL recurrence such as enlarged RA or
scar, medical suppression of AFL can be extremely difficult. Hence, the ablation procedure
with highly successful rate and low complication risk is the approach of choice for typical AFL
[7]. However, medication may be tried in some situation (i.e. patient preference). Several
antiarrhythmic drugs have been somehow effective in AFL suppression, including class IC
(flecainide and propafenone), and class III (usually sotalol and amiodarone) antiarrhythmics.
In the absence of SHD, class IC agents are the first line medication. The antiarrhythmic agents
should be combined with AVN blockers to avoid the risk of rapid ventricular rates. In fact,
class IC drugs have a vagolytic effect on AVN. Although the atrial flutter rate will be slowed,
more proportion of these atrial impulses will be conducted through AVN (enhanced conduc-
tion), by which net ventricular rate increases [3]. As a result, rapid 1:1 AV conduction is mostly
seen if Class IC antiarrhythmic medication is not combined with AVN blockers such as beta
blockers (Figure 1e). As mentioned, typical AFL is very amenable to ablation but AV junction
ablation and pacemaker implantation may be indicated if rhythm and rate control strategies
including ablation have failed in atypical flutter. The anticoagulant policy will be implemented
based on the same guideline for AF.



Atrial Flutter: Diagnosis and Management Strategies
http://dx.doi.org/10.5772/intechopen.74850

6. Typical flutter

6.1. Electrocardiographic characteristics

In “typical” counterclockwise AFL, the wave of depolarization propagates through the lateral
right atrium, then travels through the CTI in a lateral-to-medial direction. The wave of depo-
larization arrives at the inferior part of the interatrial septum, splits and propagates
caudocephalically up the septum, finally traveling across the roof to arrive lateral RA to
complete the circuit. At the same time, the depolarization wave propagates from inferior
septum to the lateral wall of the left atrium. Flutter waves have constant morphology and
polarity with same CL. In typical AFL, they are most visible in lead V1 and the inferior leads
(II, I1I, aVF) with a sawtooth appearance. The propagation of depolarization wave is through
interatrial septum which makes it positive or negative in inferior leads in clockwise (high to
low) or counterclockwise (low to high) AFL, respectively. The wave includes a slow
downsloping portion, with a sharp negative deflection, followed by a rapid positive deflection,
merging to the next downsloping deflection (Figure 2). Because of constant activation inside
the circuit, there is no electrically silent period and consequently no isoelectric period. This is
as opposed to focal AT with silent periods between focal discharges (Figure 3). However, focal

Sharp negative deflection

| I Sharp positive deflection

Slow downslope portion

Figure 2. The typical CCW flutter ECG characteristic (see the text).

Figure 3. The top diagram demonstrates the atrial activation sequence correlated with typical CCW atrial flutter. The
slow conduction through CTI causes the flatter portion of flutter wave. The bottom diagram shows atrial activation
sequence in focal AT with silent periods causing flat isoelectric line.
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AT can produce a continuous wave pattern on ECG if the atrial CL is short enough to shorten
the interval between atrial depolarization [4, 8].

During CW AFL, the positive deflections in the inferior leads are nearly equal negative deflec-
tions in inferior leads making a sinusoidal pattern which makes it somehow difficult to
recognize positive from negative deflections. So lead V1 is important in order to recognize
clockwise typical AFL.

The atrial rate in AFL is typically 240-320 bpm, but it might be slower if conduction is slow
inside the circuit due to scars from prior ablation or surgery. Also, antiarrhythmic medication
can cause conduction delay. In these instances, distinct isoelectric intervals between flutter
waves may be recognized similar to focal AT. The rapid ventricular response is occasionally
seen in those patients with underlying anterogradely conducting bypass tracts or secondary to
high sympathetic tone (e.g., exercise, sympathomimetic drugs) which enhance AV conduction
[2]. Typically, the patients with flutter present with 2:1 AV conduction but variable AV con-
duction and higher grade AV block (e.g., 4:1 or 6:1) or AV dissociation (slow and fixed RR
interval) may occur. P wave morphology is usually of limited anatomical value for precise
circuit localization in other atypical forms of AFL. If there is any doubt on the initial ECG,
infusion of adenosine or carotid massage may transiently decrease AV conduction, unmasking
the flutter waves. Adenosine and digoxin increase the degree of AV block, but shorten atrial
refractoriness and can cause the AFL to degenerate into AF. Of note, AF is sometimes confused
with AFL when the atrial activity in lead V1 might look organized (see Figure 1d).

In case of AF, the cycle length of atrial waves is less than 200 ms, the RR interval is truly
irregular (with precise measurement) and atrial activation is not usually organized in the limb
leads. Also, there is no true relationship between the apparent “flutter waves” and QRS
complexes, best seen in lead V1, and close inspection often reveals the atrial waves do not
have the constant morphology and amplitude as seen in a real atrial flutter. These instances are
usually defined as “coarse AFE.” In rare examples, RA is in AFL but LA is in AF in which lead
V1 might show more uniform morphology but the other leads manifest characteristics of
fibrillation [9].

6.2. Electrophysiological testing in typical flutter

In brief, RFA is performed by creating lesions across the critical isthmus to achieve the complete
and stable bi-directional block across CTI. The procedure includes linear lesion, finding the
residual conducting gaps to eliminate, and ultimately the end point is the confirmation of bidirec-
tional block across CTI. Typically, three catheters are used for ablation of typical AFL. They
include the ablation catheter, multipolar coronary sinus (CS) catheter, and a duo-decapolar halo
catheter. Halo catheter is positioned around tricuspid annulus so that proximal poles positioned in
upper interatrial septum and roof, mid poles positioned from high to low in the lateral RA anterior
to the crista terminalis and distal poles positioned in lateral inferior at 67 o’clock in the LAO view
in fluoroscopy. In fact, the distal poles will record the middle and lateral part of the CTI [10, 11].

6.2.1. Induction of tachycardia

It's very crucial to distinguish between isthmus-dependent and non-isthmus-dependent flut-
ters in order to perform curative ablation. Hence, AFL should be induced to confirm the
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diagnosis and make sure the AFL is isthmus dependent prior to ablation. AFL can usually be
induced with programmed electrical stimulation (PES) from different locations; however, it is
usually performed with pacing from proximal coronary sinus which can induce CCW typical
flutter. Isoproterenol infusion (0.5—4 pig/min) may be needed to facilitate tachycardia induc-
tion. Burst pacing or atrial extra stimulus at the shorter CL/ coupling intervals will more likely
induce AF which is often self-terminating. However, AF can be sustained around 10% of cases
needing cardioversion in EP lab. The importance of AF induction in these patients with no
clinical history of AF is uncertain [10, 12].

6.2.2. Flutter circuit features

In typical AFL, intracardiac electrogram (EGM) shows bipolar electrograms with constant CL,
polarity and morphology with sequential atrial activation characteristic of a macroreentry in
which the atrial CL is very stable and less than <15% as opposed to focal AT [13]. The
endocardial recordings of the interatrial septum, upper anterolateral, and CTI indicates low-
voltage atrial electrical activity cover 100% of the tachycardia cycle length (TCL) (Figure 4). In
focal AT, the atrial activation covers less than 50% of TCL, even if only RA atrial activation
recordings are taken account. The CTI is the zone of delayed conduction required for
establishing reentry. Some studies show slow conduction area is probably located in the
medial part of CTI in older patients versus the lateral part of CTI in younger people [7, 14].
With consideration of depolarization propagation around the circuit in typical isthmus-
dependent AFL, the atrial activation sequence is predictable. The onset of flutter waves in the
surface ECG is simultaneous with activation of the septal atrial electrogram which is His atrial
recording in clockwise and the atrial recording of proximal CS in counterclockwise AFL [9].

6.2.3. Diagnostic maneuvers
6.2.3.1. Entrainment and technique

Entrainment is the essential maneuver to confirm the diagnosis. It determines whether AFL is
CTI dependent [12].

Overdrive atrial pacing is performed at a CL of 10-20 ms shorter than the TCL to entrain. As
shown in Figure 5, if the pacing site is farther from the reentrant circuit, it takes longer for the
impulse to get the circuit and entrain the tachycardia. By definition, the entrainment is a
continuous resetting of a reentrant circuit with an excitable gap by a series of stimuli with
following characteristics:

1. During pacing at shorter CL, all P waves (and intracardiac atrial electrograms) are acceler-
ated to the pacing rate

2. During pacing at progressively faster cycle lengths, progressive fusion of flutter waves
(surface ECG) or intracardiac EGM occurs

3. The same tachycardia (same TCL and atrial activation sequence) resumes upon termina-
tion of pacing.

The post-pacing interval (PPI) is the time between the last pacing stimulus that entrained the
AFL and the next recorded atrial EGM at the same pacing site (same catheter through which
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Figure 4. Electrocardiogram and endocardial electrogram of CCW typical flutter (b), CW (reverse) typical flutter (a) and
focal atrial tachycardia (c). Arrows show the atrial activation sequence. The halo catheter (RA channel)) has 10 bipolar
electrograms recorded from the distal (low lateral right atrium or RA 1-2) to the proximal (high right atrium or RA 19-20)
poles of the halo catheter positioned around the tricuspid annulus. The distal pole of RA 1-2 is at 7 o’clock and the
proximal pole of RA 19-20 is at 1-2 o’clock. CS 9-10 electrograms are recorded from the CS proximal positioned at the CS
ostium, ABL d (distal) electrogram is recorded from ablation catheter positioned in the cavotricuspid isthmus. Green

shading shows the portion of the tachycardia cycle covered by the activation; which is around 100% in atrial flutter and
less than 50% in focal atrial tachycardia (see the text).

pacing was done). Obviously, PPI will be shorter if the pacing stimulus site is closer to the
circuit. Accordingly, if PPI is equal or within 20 ms of TCL, it means the pacing stimulus site is
inside the circuit. In order to assess whether AFL is isthmus (CTI) dependent, an ablation
catheter is placed in CTI and paced at shorter CL to entrain AFL. If PPI is within 20 ms of
TCL, it indicates that CTI is in the circuit which confirms AFL is isthmus (CTI) dependent. If
the pacing site is outside of the circuit, the PPI will be equal to TCL plus the time required for

the stimulus to travel from the pacing site to the flutter circuit and return back to the stimulus
site [12, 14, 15] (Figure 5).

6.3. Ablation
6.3.1. Technique

Typically, a 4-mm irrigated steerable ablation catheter is used in order to deliver point-by-point
RF applications across CTI. Adequacy and quality of lesions depend on proper contact, local
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Figure 5. The right diagram illustrates the entrainment concept. The time from the stimulus site to the circuit is equal to X.
The whole circuit time is equal to Y, so the time required for the stimulus to travel from stimulus site to get the circuit, turn
around the circuit, returning back to the stimulus site is equal to 2X + Y. In the left tracing, TCL =200, overdrive pacing
from ablation catheter positioned at CTI is performed at CL = 190 ms which entrains the tachycardia. The PPI (208 ms in
this example) is measured from the stimulus to the first potential appears in ablation catheter channel. PPI-TCL = 8 ms
which confirms the ablation catheter is inside the circuit at the CTI; hence, the flutter is CTI dependent.

blood flow, enough power, and tissue thickness. A guiding sheath (e.g. SRO or ramp sheath)
can help stabilizing the catheter position and prevent sliding off the line of ablation during RF
application. At first, the catheter is advanced into the RV in RAO view, then is dragged back
gradually until the EGM shows small atrial and large ventricular electrograms. The relative
electrogram size of the ventricular and atrial signals helps to estimate the approximate location
of catheter tip (e.g. the A/V ratio is around 1:4 at the ventricular side of the tricuspid annulus,
and 4:1 near the IVC). The tip of the ablation catheter is finely adjusted in midway between the
interatrial septum (CS Ostium as a landmark) and lateral RA lateral in the LAO view (at
around 6 or 7 o’clock). The first RF application is delivered at the tricuspid annulus with small
AV ratio. After each RF application lasting for 3060 s, the atrial electrogram voltage is reduced
and may become fragmented; then the catheter is dragged back around 4 mm until EGM
shows new sharp atrial electrogram (not far field), and the next RF burn is delivered. This
sequence is repeated until EGM shows minimal or no atrial electrograms which implies that
the catheter tip has reached the IVC border [10, 16, 17].

6.3.2. Anatomic considerations

Firstly, the eustachian ridge is a “floppy” structure that comprises the posterior border of CTI
and separates the IVC from the inferior RA, and sometimes prevents complete ablation of the
posterior part of CTI with simple dragging of the catheter. In such situation, the catheter tip
should be curled back, in order to get access to the most posterior part of CTI and the floor of
pouch created by “Eustachian ridge” (Figure 6). It is important to keep in mind that AV block
can occur in approximately 1% of cases, particularly during ablation of the medial side of CTI
(5 o’clock) which is close to the septum. Observation of changing variable conduction of 2:1-
3:1 or appearance of relatively regular QRS complexes should warrant possibility of damage to
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Figure 6. In some difficult cases, the eustachian ridge separates the IVC from the inferior RA and creates a pouch. In
order to get access to the pouch floor to complete the line of the block, the ablation catheter should be curled back as
shown on the left panel.

AVN and consequent high-grade AV block. So the risk of AV block is less likely if ablation is
done far away septum [18, 19]. In AFL recurrence and re-do cases, 3D mapping system and
intracardiac echocardiography will be helpful to figure out the complex anatomy and hence to
ablate effectively the gaps.

6.4. Post-ablation study

6.4.1. Identification and ablation of residual gaps

With respect to isthmus anatomy and the presence of potential pouches, conduction gaps
frequently remain despite continuous lesions. Locating and ablating residual gaps is manda-
tory to achieve complete bidirectional block and to prevent AFL recurrence. The residual gaps
can be detected via local electrograms including fractionated EGM potential or the isoelectric
interval between double potentials [20] (Figure 7).
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Figure 7. Identification of residual gaps in the ablation line. An interval separating the two components of double
potentials recorded along the ablation line in the CTI during CS pacing, after RF ablation. The first component (potential
a) is produced once the stimulus impulse reaches the one side of the ablation catheter. If there is a gap along the line of
ablation, the impulse still can travel through the gap to another side of the ablation catheter, producing second potential
(B). When the tip of catheter moves toward to the site of the gap, the time required for an impulse to reach the tip of the
catheter on the other side gets shorter, which leads to shortening of the interval between two components. Finally, at the
site of gap, the two signals will be fused and the double potentials disappear. This approach with moving the catheter
through the line can detect the gap. The last diagram shows completion of block line in which the impulse should turn
around the RA (far away CTI) that will obviously increase the time required for the impulse to reach spot B; thus, the
interval between two components will be prolonged.
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6.4.2. Endpoints

Confirmation of bidirectional block is traditionally considered as the endpoint of AFL ablation.
The created lesion can recover conduction so bidirectional block should be verified with the
current maneuver as the endpoint of RF ablation and repeated after 20-30 min monitoring [21].

6.4.3. Atrial activation sequence during atrial pacing in the presence of isthmus block

Pacing from the medial side of the ablation line (e.g. from CS proximal) is performed and atrial
activation sequence is evaluated (Figure 8). In the presence of medial to lateral block across
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Figure 8. Right atrial endocardial electrograms recorded during CSp pacing from distal halo catheter or RA 1-2 after
ablation (a) and from CSp pacing before (c) and after (b) ablation of CTI during sinus rhythm (see the text for discussion).
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CTI, atrial depolarization wave must propagate caudocephalically up the septum and travel
down to the lateral RA to arrive at distal poles of halo catheter. So the distal poles of halo
catheter are the last poles which record the atrial potentials (Figure 8b). In order to assess the
lateral to medial block across CTI, pacing from lateral to the ablation line is performed (e.g.
halo distal poles or tip of ablation catheter at 8:00 o’clock). In case of lateral to medial block,
atrial depolarization wave will propagate superiorly up the lateral RA and travel down the
interatrial septum to reach the CS ostium, recorded at proximal CS (Figure 8a). Figure 8¢
shows the atrial activation during CS proximal pacing prior to medial to lateral isthmus block
which demonstrates the collision of the cranial and caudal right atrial wave fronts in the mid-
lateral RA (RA 5-6).

6.4.4. Trans CTI conduction time

CS proximal or low lateral RA is usually paced in order to measure conduction interval across
CTIL Obviously, the interval is the time from the stimulus pacing artifact from one side of the
isthmus (e.g. CS proximal) to the atrial electrogram recorded on the other side (e.g. distal halo
poles). More than 50% prolongation of this interval or an absolute interval time of 150 ms or
more is in favor of CTI block [22, 23].

6.4.5. Differential pacing

This maneuver is used to assess CW and CCW block across CTI. At first, pacing is performed
close to the ablation line, then pacing site is moved away from first pacing spot (Figure 9). For
example, to check CCW (lateral to medial) block, the pacing is done from halo distal poles
(Halo 1,2) and the time from stimulus artifact to the atrial electrogram recorded on the
proximal CS is measured. Then pacing site is done farther from ablation line (Halo 3,4). If
there is CCW, the measured interval will be shortened on the latter spot (Halo 3,4). When CTI
conduction is intact, conduction occurs via a counterclockwise wavefront across the CTI to
reach proximal CS, so the measured interval will be longer once it is paced from Halo 3,4
compared to Halo 1,2 [24].

6.4.6. Electroanatomical mapping

Electroanatomical 3D mapping can also be used to confirm conduction block across CTI. For
example, when CCW block is present, Halo 1,2 pacing results in an activation wavefront
directing in a CW pattern and CTI immediately medial to the ablation line will be the last part
in the circuit which will be activated. If CTI is intact, with pacing from Halo 1,2 the activation
wavefront travels rapidly through the CTI, with the upper septum will be the last part of
activation.

6.5. Complication

RF ablation of the typical AFL is relatively safe, with an average complication rate of 3%
which includes mostly peripheral vascular injury (0.5%). The risk of serious complication is
very low which include complete heart block (0.3%), tamponade, myocardial infarction due to
damage to the right coronary artery, stroke and pulmonary embolism (0.1%). The recurrence
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Figure 9. The method of differential pacing to evaluate bidirectional CTI block (see the text).

rate of AFL has been reduced by using irrigated tip catheters and is around half of the
recurrence in standard RF ablation (7 vs 14%). The occurrence of AF or atypical AFL is
dramatically high at around 70% in long-term follow up [25, 26]

7. Atypical AFL

Atypical AFL frequently demonstrates attenuated flutter waves which help to distinguish
from typical flutter. They are classified as atypical right or left atrial flutter [27] (Figure 10).
Prompt identification of these AFL types will maximize the success rate of ablation.

7.1. Atypical right atrial isthmus-dependent flutter

7.1.1. Lower loop reentry

Lower loop reentry is a form of CTI-dependent AFL in which the circuit is around IVC. The
eustachian ridge and lower crista terminalis usually cause a breakdown in wavefront
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Figure 10. Types of atypical flutter. Top left, Intraisthmus reentry. Top right, lower loop reentry. Bottom left, perimitral
reentry. Bottom right, incisional (around ASD patch) reentry.

conduction across CTI; consequently, impulse revolves around the IVC instead of the tricuspid
annulus. It is mostly identified during 3D activation mapping [28].

7.1.2. Intraisthmus reentry

The circuit of intraisthmus reentry is bounded by the medial side of CTI and CS ostium. The
previous ablation at the CTI might predispose and perpetuate this reentry. The EGMs are
usually similar to typical AFL but entrainment shows the lateral CTI is not inside the circuit
(long PPI) whereas the medial side of CTI presents in the circuit (short PPI). The mapping of
the region between proximal CS and medial CTI usually shows fractionated or double poten-
tials which are a good target for ablation. A linear lesion across the medial CTI usually breaks
the circuit [27, 28].

7.2. Atypical right atrial non-isthmus dependent flutter

7.2.1. Lesional right atrial flutter

These circuits arise around a low-voltage area, incision, patch or scar in the lateral or postero-
lateral RA. These areas usually develop after the atriotomy and surgery for the congenital
disease. 3D activation mapping is an excellent modality to identify this type of AFL circuits [28].

7.2.2. Upper loop reentry

In this type of AFL, the wavefront activation propagates around the superior vena cava (SVC)
and travels through a conduction gap in the crista terminalis.
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7.2.3. Dual-loop reentry

The coexistence of two circuits is known as dual-loop reentry. The activation wavefront can
propagate through both circuits intermittently. In practice, they are identified when the abla-
tion of one circuit leads to change in atrial activation sequence suggesting a transition to the
other circuit [27].

7.3. Atypical left atrial flutter

LA flutter often coexists with AF. It is usually secondary to AF ablation (up to 50%) or open
heart surgery for the valvular disease. The central obstacle of the AFL circuits is low-voltage or
scar areas in the LA detected by electroanatomic 3D mapping [29].

7.3.1. ECG characteristics of left atrial flutter

Whenever the flutter wave morphology in ECG is not characteristic of typical AFL, left atrial
flutter must be considered. A characteristic finding in LA flutter is a dominantly positive broad
deflection in lead V1. The combination of attenuated deflections in the frontal leads with a
dominantly positive deflection in V1 also suggests that origin of flutter is probably in LA.
Uncommonly, negative flutter deflections in the inferior leads might be seen in left AFL
mimicking typical AFL (pseudo-typical flutter). However, typical AFL demonstrates positive
overshoot immediately following the negative deflection. This positive deflection is as a result
of inferiorly down activation of the lateral RA. Lack of this sharp positive deflection raises
suspicion of atypical AFL. In the presence of low voltage areas, the electrical impulse travers-
ing the isthmus (protected within scar) might generate low voltage potentials, demonstrated
on the surface ECG as an iso-electric interval. In addition, a small portion of the atria is being
activated during the silent isoelectric period. Therefore, the isoelectric interval strongly sup-
ports the presence of a slow conducting isthmus, although its absence does not exclude it. For
example, if intracardiac CS electrograms coincide with an isoelectric interval, it suggests CS
region may be involved in the reentrant circuit, indirectly implies the flutter might be left sided
in origin. Likewise, the electrograms of CTI region coincide with the isoelectric period between
the negative flutter waves in typical AFL [30, 31].

7.3.2. Perimitral atrial flutter

In this type of AFL, the reentrant circuit arises around the mitral annulus. 3D voltage mapping
often shows low-voltage or scar areas on the posterior LA which act as a boundary of this
circuit. Most of the patients have a past history of AF ablation [29].

7.4. EPS and mapping in atypical AFL

In addition to CS and Halo catheter, the transseptal puncture is performed to insert a catheter
in LA (usually irrigated tip ablation catheter) for the full study. In order to confirm LA flutter, a
systematic approach is used. The first step is the exclusion of CTI dependent AFL. Coronary
sinus activation from proximal to distal can suggest that AFL origin is from the RA; however,
CS activation sequences are not very valuable in LA flutter diagnosis. If EGMs recorded
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throughout RA (i.e. atrial electrograms recorded on all Halo poles) covers more than 50% of
the TCL, it is another clue for RA AFL. Another helpful maneuver is entrainment at multiple
sites in the RA and comparison of their PPIs. For instance, if PP1 is shorter in septum compared
to lateral RA or CTI, it might be suggestive for LA flutter. In fact, the gradient of PPI in LA
flutter typically is longest (more than 30 ms) in the lateral RA and remarkably shorter in the
mid and distal coronary sinus. However, roof or anterior LA flutter might show long PPIin mid
to distal CS [28, 29, 32]. The 3D mapping system is often necessary to perform the full activation
and voltage mapping for localization and effective ablation of the reentrant circuit [33].

8. Conclusion

Atrial flutter is relatively common atrial arrhythmia with the nearly similar morbidity and
mortality to atrial fibrillation. However, it's highly amenable to RF ablation. This procedure
has emerged as therapy of choice in the light of highly successful rate and low complication
risk. The knowledge of the anatomy and electrophysiology of the atrial flutter circuit is
essential to choosing the optimal site for elimination of reentry. An electroanatomic 3D map-
ping system is highly recommended to perform the full activation and voltage mapping in
order to localize the circuit and critical isthmus targeted for effective ablation.
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Abstract

Atrial fibrillation represents the most common supraventricular arrhythmia above all in
patients undergoing cardiac surgery and is associated to an augmented risk of thrombo-
embolic stroke, heart failure, and cardiovascular mortality. That is the reason why cardiac
surgeons began to address their attention to how to surgically treat fibrillating patients
according to pathophysiological models describing mechanisms of arrhythmia induction
and maintenance. A new branch of cardiac surgery was born, leading to a progressive devel-
opment of adapted surgical ablation techniques, applicable both to lone or concomitant
arrhythmia treatment. Historical evolution and current available surgical treatment options
are described, beginning from the first pure surgical maze, going through all its modifica-
tions in source ablation energies and lesion sets and finishing with current mini-invasive
hybrid treatment of lone atrial fibrillation. Indications, patients’ selection, technical options
with respective advantages and disadvantages, surgical technique details, complications, and
results are fully illustrated. Relationship between pathophysiologic arrhythmia mechanisms
and the consequent ablation tailored procedure choice is highlighted, allowing a customized
procedural offer to every single patient, resulting in a success rate ranging from 60 to 90%.

Keywords: atrial fibrillation treatment, maze procedure, hybrid ablation, energy
sources, cardiac surgery

1. Introduction

Atrial fibrillation (AF) is a common medical condition affecting over 5 million people in the
United States and whose prevalence is expected to join over 12 million by 2030. Considering
people aged more than 80 years, about 7% experiences at least one episode of such supra-
ventricular arrhythmia in their life. Dangers of AF are well known; they range from trou-
bling symptoms to a fivefold increased risk of thromboembolic stroke and heart failure and
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culminate in excess mortality [1]. Cardiac surgeons are frequently faced to AF, since data from
the Society of Thoracic Surgeons (STS) database demonstrate that preoperative AF is present
in 11% of patients presenting for nonemergent, first-time cardiac surgery, varying from 6.5%
of coronary patients until nearly 30% in mitral ones [2]. The high AF prevalence in case of
mitral stenosis or regurgitation may be explained by histological modifications occurring in
enlarged left atria suggesting chronic inflammation and interstitial fibrosis which translate
into electrical changes such as augmentation of effective atrial refractory period and conduc-
tion heterogeneity able to lead to an increased vulnerability to arrhythmia genesis. These
epidemiologic considerations explain why, historically, cardiac surgeons were the pioneers of
curative ablation of AF; their interest began in the 1980s when Cox and associates introduced
the left atrial isolation procedure in dogs. A new branch of cardiac surgery was born, leading
to a progressive development of adapted surgical ablation sets of lesions and devices, appli-
cable both to lone and concomitant (a term indicating patients in whom AF is associated with
another cardiac disease requiring surgery) arrhythmia treatment.

2. Main body

2.1. History: the maze (cut-and-sew procedure)

The history of the surgical treatment of AF began in 1980, when Cox described the proce-
dure of left atrial surgical isolation. This technique was able to enclose arrhythmia in the
left atrium, leaving the right one and the ventricle in a synchronized sinusal rhythm (SR).
In spite of its hemodynamic efficacy, thromboembolic risk remained unchanged as the left
atrium continued to fibrillate. It was clear that the development of a more complete technique
was necessary in order to contemporarily achieve SR and atrio-ventricular synchrony main-
tenance, atrial contractility restoring, and embolic risk elimination. The Cox-maze procedure
was introduced in humans in 1987 (called Cox-maze I) developing from results obtained in
canine models. It consisted in creating multiple incisions that could block all possible macro-
reentrant circuits and direct the propagation of the sinus impulse throughout both atria.
Lesions were created by a “cut-and-sew” method performed under direct vision with the
advantage of increasing the probability to achieve transmurality. Excision of the left atrial
appendage (LAA) was also performed alongside [1]. Even if the goal of freedom from stroke
was achieved, occasional left atrial dysfunction and frequent inability to generate adequate
sinus tachycardia in response to exercise (chronotrope response) led to the development of
the Cox-maze II modification [3]. Sinus node incision was not included in ablation set, and the
left atrial upper line was situated more posteriorly. Later, Cox-maze II rapidly evolved and
perfected into Cox-maze III, whose ablation schema is represented in Figure 1. It consisted
in a series of incisions and suture lines in both atria: lines surrounding pulmonary veins ori-
fices with linking lesions between them and with the mitral annulus (isthmus line) and the
LAA, both appendages excision and right atrial full set lesions. The Cox-maze III allowed the
long-term preservation of atrial transport and sinus node function, decreasing the need for
a pacemaker and the recurrence of arrhythmia, while improving the speed of the procedure
with requirement of minor technical ability [4].
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Figure 1. Cox-maze III lesions set.

Cox-maze Il showed a proven efficacy with a long-term success rate superior to 90% both in
concomitant and in isolated procedures [5]. Nevertheless, other works reported less encour-
aging results, generating a not unanimous consensus between cardiologists and cardiac sur-
geons, also partially due to its relevant technical complexity and possible complications. In
fact, mortality rate was not irrelevant, since it ranged from 0.7 to 2% and even serious compli-
cations were frequently reported (6% following Cox JL and 3.2% in Mayo Clinic experience)
including definitive pacemaker implantation due to sinus node injury, stroke, and major
bleeding requiring surgical re-exploration.

2.2. Cox-maze evolution

In subsequent years, many attempts were made in order to improve the simplicity of the
treatment, evolution which was facilitated by the increasing comprehension of AF patho-
physiology thanks to the development of clinic mapping systems. In 1998, Haissaguerre [6]
showed that paroxysmal arrhythmia triggers were located at the level of pulmonary veins ori-
gin, thus suggesting that an ablation action limited to this zone could be effective. Although
the theory of a preeminent role played by pulmonary veins triggers is not applicable to all AF
types (for instance, in case of long-standing persistent or permanent AF, other mechanisms
are involved in arrhythmia beginning and perpetuating [7]), such discovery paved the way to
the trial, by one side, to reduce lesions set by concentrating onto the arrhythmia real sources
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Figure 2. Cox-maze IV lesions set.

and maintaining pathways and, by the other, to minimize surgical risk by replacing lines of
incisions by lines of transmural necrosis using other energy sources. In 1999, the first “non
cut-and-sew” maze was performed by the use of the cryoenergy as the sole ablation modal-
ity for all lesions described in the Cox-maze III; later, Dr. Cox introduced the so-called Cox
IV which preserved the entire lesions set of the previous version, but used bipolar radiofre-
quency (RF) instead of the cut-and-sew technique (Figure 2). Minor variations of the ablation
procedure have been proposed over time, namely concerning the extension of the lesions set,
but the original schema of the Cox-maze IV will remain as the reference for every complete
biatrial surgical ablation of long-standing persistent or permanent AF [8].

2.3. Energy sources
2.3.1. Requirements for surgical ablation

In order to perform an effective and durable AF ablation with alternative energy sources
replacing surgery, devices and technologies must possess several features [9]:

1. Transmurality: heart lesions, either performed from the epicardial or the endocardial sur-
face, have to go homogeneously through the whole thickness of cardiac wall for producing
a complete conduction block with the aim of stopping activation wave fronts or isolating
trigger foci. Especially in case of epicardial application on the beating heart, transmurality
may be very difficult to achieve due to the heat sink effect of the circulating intracavitary



Surgical Treatment of Atrial Fibrillation
http://dx.doi.org/10.5772/intechopen.76700

blood. That is the reason why some energy sources, incapable to overcome such an obsta-
cle, have been quickly abandoned.

2. Safety: excessive or inadequate ablation needs to be avoided by the creation of precise
dose-response curves specific for each device. Moreover, energy sources may have dif-
ferent harmful effects onto surrounding vital structures, including coronaries, valves, and
esophagus which must be fully known and prevented.

3. Facility and speed: this presupposes that the device must rapidly act and be flexible and
easy to handle.

4. Adaptability for minimally invasive approaches: this would require a specific device de-
sign allowing its insertion into small thoracotomies or ports.

Over the years, different energy sources have been tested in order to achieve all these require-
ments [9]: actually, only cryoenergy and radiofrequency (RF) are available and still used,
because microwave devices, lasers, and high-frequency ultrasound were progressively aban-
doned due to their incapacity to produce reliable transmural lesions, thus resulting in high AF
recurrence rates. A summary of all energy sources features is shown in Table 1.

2.3.2. Anatomic considerations

Human atrial wall thickness is far to be homogeneous in all regions and in every subject [10];
such anatomic consideration plays a major role when a new ablation device performance is
tested since it has a direct repercussion onto its ability of creating transmural lesions. In normal
individuals, the atrial thickness in the left atrium ranges from 2.3 to 6.5 mm. In patients with
any cardiac disease, the mean left atrium thickness is 5.2 + 1.8 mm. These values encompass
muscle thickness only and did not include overlying fat or underlying free-running pectinate
muscles, which exist in both atria (which are not continuous with the epicardial surface). In
normal individuals, the fat layer at the posterior mitral annulus can be 10-mm thick or more,
which is important because epicardial fat can be an obstacle to achieve an adequate depth of
penetration for most ablation technologies. Finally, as patients grow older, their chamber size
and wall thickness increase. All these anatomic variations and physiologic changes provide
a challenge to any unidirectional device to achieve transmural lesions and must be carefully
taken into account during ablation procedure.

2.3.3. Cryoablation

Actually, two sources of cryothermal energy are used in cardiac surgery [9]:

1. Nitrous oxide technology (older): its name is cryoICE (AtriCure, Inc., Cincinnati, OH) and
uses a 10-cm malleable probe on a 20-cm shaft.

2. Argon technology (Medtronic ATS. Minneapolis, MN): it can be used in two ways, either as
a malleable single-use cryosurgical probe with an adjustable insulation sleeve for varying
ablation zone lengths or as a two-in-one convertible device that incorporates a clamp and
surgical probe (Figure 3).
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Energy source Pros Cons Application

Bipolar RF Transmural Endocardial access need  Stand-alone maze, concomitant maze,

Quick Multiple applications and lesion subsets

Real-time conductance
control

Laser Quick No real-time Not currently used

Epi- and endocardial transmurality control

Good penetration of Collateral damage

adipose tissue

High-intensity focus  Epi- and endocardial Time-consuming Not currently used
ultrasound

Defined depth-limiting No real-time
collateral damage transmurality control

Table 1. Comparison of ablation energy sources.

These two devices reach different minimal tissue temperatures (-89.5 and -185.7°C, respec-
tively) but both deliver energy to myocardium by a cryoprobe. In both cases, a console houses
the tank containing the liquid refrigerant which is pumped under high pressure to the electrode
through an inner lumen. Once the fluid reaches the electrode, it converts from a liquid to a gas
phase, absorbing energy and resulting in rapid cooling of the tissue. At the tissue-electrode
interface, there is a well-demarcated line of frozen tissue, sometimes termed an “ice ball.”

Ablation mechanism consists in cell membrane and cytoplasmatic organelle destruction sec-
ondary to the formation of extra- and intracellular ice crystals. In the first 48 h after cryoablation,
hemorrhage, edema, inflammation and extending, and irreversible apoptosis occur. Healing is
characterized by extensive fibrosis, which begins approximately 1 week after lesion formation.

Cryoablation is unique among the presently available technologies, in that it destroys tissue
by freezing instead of heating. The biggest advantage of this technology is its ability to pre-
serve tissue architecture and the collagen structure, making it an excellent energy of source
for ablation close to valvular tissue or the fibrous skeleton of the heart.
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Figure 3. Available devices for cryoablation.

Concerning transmurality and safety profile, nitrous oxide technology provides good per-
formances [11] but may cause injury to coronary arteries. Argon is relatively recent, but it
seems to be able to reliably create endocardial safe transmural lesions on the arrested heart.
Potential disadvantages of this technology include the relatively long time necessary to create
an ablation (2-3 min; Table 1) and the detrimental effect of hot circulating blood volume onto
cryoenergy when applied in the beating heart without cardioplegic arrest. In order to over-
come such problem, a cryoclamp equipped with two arms catching the tissue to be ablated
has been recently proposed: in preliminary works, it showed, by one side, a 93% transmural-
ity rate on the beating heart, but, by the other, an increased risk of thromboembolism due to
coagulation of the frozen blood.

2.3.4. Unipolar radiofrequency energy

RF energy has been used for cardiac ablation for many years in the electrophysiology labora-
tory and can be delivered by either unipolar or bipolar electrodes [9].

Several devices are available (Figure 4):

1. Estech developed two unipolar surgical probes, the Cobra Adhere XL Probe (Atricure, Inc.)
and the Cobra Cooled Surgical Probe (Boston Scientific Corp., Marlborough, MA, USA).
These flexible and malleable devices with multiple electrodes, suction system stabiliza-
tion, and internal saline cooling present the same mode of operation but the second one is
specifically designed for minimally invasive approach;

2. VisiTrax (nContact, Raleigh, NC): a coiled electrode that is held in place with suction and
irrigated with saline for cooling;

49



50 Cardiac Arrhythmias

3. Cardioblate Standard Ablation Pen and Cardioblate XL Surgical Ablation Pen by Medtron-
ic: these are pen-like, irrigated unipolar RF devices used to make point-by-point ablations
by dragging them across the tissue to make a linear lesion. The Cardioblate XL has a 20-cm
shaft and is designed to be used through a port or a small thoracotomy.

RF mode of operation consists in the application of an alternating current in the range of
100-1.000 kHz (high enough to prevent ventricular fibrillation and yet low to prevent tissue
perforation) which induces a resistive tissue heating within a narrow rim of <1 mm in direct
contact with the electrode and a passive heating in the deeper tissue via conduction. In uni-
polar technology, a passive electrode must be applied to the patient to allow energy disper-
sion from the electrode. RF catheters are usually irrigated with saline solutions in order to
lower tissue warming and limit scar formation at the interface electrode tissue which greatly
limits deep energy penetration and thus ablation efficacy. These irrigated catheters have been
shown to create larger volume lesions than dry RF devices [12].

Just after unipolar RF ablation, focal irreversible coagulation necrosis occurs; later, it trans-
forms into contraction and scarring. In case of very high temperature application (>100°C),
char formation predominates.

One of the main problems of unipolar RF is its lack of transmurality in a great percentage of
cases and this despite long ablation time: more in detail, if on the arrested animal heart trans-
murality achievement was satisfactory, after 2-min endocardial ablation in humans, only 20% of
lesions were transmural and only 7% in case of epicardial application at a temperature of 90°C.
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Figure 4. Available devices for unipolar RF ablation.
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The complications of unipolar RF devices have been described after extensive clinical use and
include coronary artery injuries, cerebrovascular accidents, and the devastating creation of
esophageal perforation, leading to atrioesophageal fistula.

2.3.5. Bipolar radiofrequency energy

Bipolar technology is incorporated into devices (Figure 5) in two ways [9]:

1. a clamp with two ablating jaws each equipped with electrodes;

2. a device with two side-by-side electrodes applicable both endo- and epicardially.

Various examples of both technologies are commercially available: Atricure Inc., for instance,
developed, in the first group, the Isolator Sinergy clamp showing different models and curva-
tures with a continuous measurement of tissue impedance as a marker of transmurality, or, in
the second one, the Isolator Multifunctional Pen able to record electrograms or pacing in addi-
tion to ablation function. Atricure has also developed the Coolrail Linear Pen, a 30-mm side-
by-side electrode internally cooled with irrigated saline. Both these pens are applied for a fixed
period because algorithms assessing transmurality are not available for side-by-side devices.

Medtronic markets three bipolar clamp devices, all with irrigated flexible jaws and an articu-
lating head: the Cardioblate BP2 (arms length of 7 cm), the Cardioblate LP for mini-invasive
approach, and the longer Cardioblate Gemini.

Finally, Estech (San Ramon, CA) offers two bipolar clamps (one reusable and another single
use), both called the Cobra Bipolar Clamp.
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Figure 5. Available devices for bipolar RF ablation.
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In bipolar devices, alternating current is generated between two closely approximated electrodes.
This results in a more focused ablation than with unipolar technology. As for unipolar technology,
ablation occurs by resistive heating, but, as the energy passes between the two electrodes, temper-
atures reach 60-70°C between the electrodes but drops off quickly in neighboring tissue. Bipolar
RF ablation results in discrete, transmural lesions, with no evidence of contraction or scarring.

In an animal model using bipolar clamps, microscopic examination showed that 99-100% of
all lesions were transmural, continuous, and discrete with a single ablation using the conduc-
tance algorithm. Bipolar clamps are the fastest and most reliable devices for creating transmural
lesions in open procedures, both on the beating and the arrested heart, with average ablation
times between 5 and 10 s [13]. Compared to cryoablation, which can also effectively create trans-
mural lesions when used for adequate time (2.5-3 min), bipolar RF use is faster. Pen devices can
be effective but must be used with caution. The Isolator pen has been shown to be reliable in
creating transmural lesions in tissue up to 8 mm in thickness. In several studies, the Coolrail lin-
ear pen created transmural lesions only 80% of the time with a single application of the devices,
but it is reasonable to speculate that multiple applications may improve performance. With all
RF devices, most non-transmural lesions occur at the ends of the line of ablation. Therefore, it is
important to overlap the lesions when making an extended linear lesion to insure transmurality.

The more fearsome complication of unipolar RF (esophageal perforation) has been ward off by
bipolar clamps, because, since energy application is between the jaws, extensive radiation of
heat is impossible, thus preventing penetrating lesions of surrounding tissues. Nevertheless,
side-by-side devices safety has not been still deeply evaluated.

The risk of creating pulmonary veins stenosis especially in case of multiple and repeated RF
or cryothermal lesion lines theoretically exists, but only anecdotal cases have been presented
in medical literature.

2.4. Treatment of concomitant AF
2.4.1. Indications and exclusion criteria

The Heart Rhythm Society Task Force on Catheter and Surgical Ablation of Atrial Fibrillation
(2012) released an expert consensus statement that included indications for surgical AF abla-
tion [14]. They recommended that surgical ablation should be considered as an additional pro-
cedure in all patients with symptomatic AF, with or without trial of antiarrhythmic drugs,
in cases where these patients were already scheduled to undergo cardiac surgery for other
indications. This represents a class Ila indication for paroxysmal, persistent, and long-standing
persistent AF failing antiarrhythmic drugs and paroxysmal and persistent AF prior to a trial of
antiarrhythmic drugs. It is a class IIb indication for long-standing persistent AF prior to a trial of
antiarrhythmic drugs. In 2016, the European Society of Cardiology (ESC), in collaboration with
the European Association for Cardiothoracic Surgery, released guidelines for the management
of AF [15]. Concerning fibrillating patients undergoing cardiac surgery, they recommended
that maze surgery should be considered in symptomatic patients with AF (class Ila) and may
be considered in asymptomatic patients in AF (class IIb). The ESC AF guidelines also proposed
that AF surgery and extensive ablations should be discussed by an “Atrial Fibrillation Heart
Team” comprising a cardiologist with expertise in antiarrhythmic drug therapy, an interven-
tional electrophysiologist, and a cardiac surgeon with expertise in AF surgery.
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All these recommendations assume that both the patient and the surgery meet the neces-
sary requirements for procedural success: suitable atrial anatomy (left atrial dimensions and
fibrosis), AF time of evolution, favorable risk/benefit relation, and operator experience. More
in detail, the main factors associated with scarce success rate of maze, thus representing a
contraindication to the procedure, are [16] advanced patient’s age (but no real cutoff has been
identified), left atrial size superior to 60 mm or 135 ml/mgq, and an arrhythmia duration longer
than 60 months. All these features arise from different trials but do not play an uncontested
and universally accepted role, even if it is reasonable to hypothesize that they well correlate
with AF chronicity, which translates into more deeper pathophysiological changes in the left
atrium rendering arrhythmia interruption more difficult.

2.4.2. General surgical principles

Many surgical variations concerning lesions sets have been proposed, ranging from the
simple isolation of the pulmonary veins (PVI) to the complete biatrial approach originally
described by Cox; all types of energy sources have been tested over time too. It is difficult
to indicate what is the right approach for every AF category, because studies comparing the
different maze variations are scarce and most frequently do not comprise large number of
patients. The result is that no unanimous consensus exists and that the task of assessing if
any of lesions sets or techniques is more effective is a real challenge. Nevertheless, thanks to
our knowledge concerning AF pathophysiology, we can perhaps affirm that in case of parox-
ysmal arrhythmia not associated to mitral disease (where we may imagine that focal triggers
around pulmonary veins origin play a major role in the absence of left atrial enlargement and
histologic modifications leading to reentrant drivers perpetuating circuits), a simple proce-
dure of PVI could be sufficient. On the contrary, when the patient is affected by persistent or
permanent AF, a more extensive lesions set including left atrial Cox-maze IV lines (Figure 6)
and, if possible, right atrial ablations seems to be the best option. In fact, such a wide
approach should allow the highest chances of interrupting rotors maintaining arrhythmia.
The same ablation protocol may also be applied if the principal pathology requiring surgery
is a mitral disease, independently from AF type: as a matter of fact, mitral valve dysfunc-
tion (stenosis or regurgitation) causes left atrial dilatation, microscopic modifications, and
fibrosis which constitute a perfect substrate for arrhythmia perpetuation, thus suggesting
the opportunity of a more aggressive ablation treatment. An algorithm showing how the
type of AF and the extension of the structural disease may affect the type of lesions set is
presented in Figure 7 [4].

2.4.3. Outcomes

Published reports of surgical ablation contain success rates of 60-90% [1]. Factors related to the
probability of success include AF duration, left atrial size, patient’s age, and adaptation of lesions
set to arrhythmia type and underlying disease [16]. In case of Cox-maze IV lesions set application
(for instance, for mitral patients or chronic AF), completed either with cryothermy or a combina-
tion of RF and cryothermy, 1-year and longer-term freedom from AF generally range from 65
to 85%; freedom from AF off antiarrhythmic drugs tends to be about 10% lower. Success rate
dramatically drops if PVI alone is performed with persistent or long-standing persistent AF with
a failure percentage joining nearly 80% of the time. Patients and surgeons must understand that
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Figure 6. Modified left atrial Cox-maze IV.

the success of surgical ablation cannot be determined at the index hospitalization. During the first
6 months after surgery, half or more of patients experience atrial arrhythmias. One-year success is
determined by a long-term Holter monitor (24 h or greater), confirming freedom from any episode
of AF, atrial flutter, or atrial tachycardia that lasts more than 30 s. ECG alone overestimates the
success by 10-15% when compared with long-term monitoring. According to guidelines, “true”
success requires that the patient has no atrial arrhythmias and be off antiarrhythmic drugs. In
practice, freedom from AF on antiarrhythmic drugs often represents a good clinical result. Annual
follow-up with a Holter or other long-term monitor is necessary, as AF may recur overtime.

2.4.4. Perioperative management

The two key management issues are heart rhythm and anticoagulation [1]. In the absence of
evidence-based guidelines, clinical practice in these areas varies considerably. Because the Cox-
maze IV does not immediately “cure” AF in most patients, both heart rhythm surveillance and
management are necessary. Perioperative arrhythmia relapse occurs in at least half of all patients
undergoing surgical ablation. The precise cause of perioperative AF is unknown, although
changes in adrenergic tone and inflammation may contribute; these physiological conditions
tend to subside with time. Preoperative 3-blockers should be continued in all patients who donot
have a contraindication. Anti-arrhythmic medications (more often amiodarone) may be admin-
istered as prophylaxis to all patients or only in case of new AF episodes, which must be aggres-
sively treated by electric cardioversion if chemical one fails. Antiarrhythmic treatment should
be maintained at least for 2 months after hospital discharge and then stopped in the absence
of detected arrhythmia episodes; otherwise, it should be continued or restarted. Considering
general maze success rate, about 20% of patients will have AF at 1-year mark: if antiarrhythmic
medication has failed and symptoms persist, catheter ablation may be proposed with good
outcomes. Concerning anticoagulation, as more than 50% of patients experience perioperative
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AF after maze, warfarin should be continued for several months after the intervention. It is rea-
sonable to discontinue such treatment if, at 6-months check, no AF episodes have been detected
with a 24-h periodical Holter monitor, atrial contractility is fully restored at transthoracic
echocardiography, LAA is well controlled, and no other indication for anticoagulation exists.
Although some suggest that this decision should depend on the CHADS2 score, recent data
advocate that it cannot be applied to the surgical patient. The effective LAA exclusion “per se”
does not allow safe warfarin interruption, since the risk of stroke is reduced but not eliminated
(two to four events per 1000 patient years) after a Cox-maze IV procedure.

2.4.5. Clinical benefits and risks of maze

It is commonly accepted that, by one side, AF presence in cardiac surgery patients is associ-
ated with increased risks of death and stroke in follow-up and, by the other, that freedom
from symptomatic AF and warfarin taking (objectives frequently achieved by maze) represents
important advantages. Nevertheless, there is no conclusive proof—a randomized, controlled
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clinical trial —confirming that the surgical treatment of AF reduces long-term morbidity and
mortality. However, we know that a successful medical and catheter-based treatment reduces
late events. Observational studies, many of which employed propensity matching, suggest that
successful surgical ablation has similar effects, reducing both late mortality and risk of stroke.
When taking all of the available evidences together, the International Society of Minimally
Invasive Cardiothoracic Surgery (ISMICS) consensus statement concluded that concomitant
ablation was indicated to increase the incidence of SR at short- and long-term follow-up (class 1,
level A), improve ejection fraction and exercise tolerance (class 2a, level A), and reduce the risk
of stroke and thromboembolic events and improve long-term survival (class 2a, level B) [17].

In general, the addition of a Cox-maze procedure for concomitant AF ablation does not increase
surgical risk as confirmed by several clinical series [18]. In addition, recent data suggest that
although approximately 5% of AF patients require a permanent pacemaker after a Cox-maze IV
procedure, this does not represent an increase over the pacemaker implantation rate when AF is
left untreated. Finally, the surgical ablation of AF does not increase intensive care unit or hospital
length of stay. Using alternate energy sources, surgical maze adds 20-25 min to the cardiopul-
monary bypass time; moreover, if right atrial and PVI lesions are performed on the beating,
decompressed heart, myocardial ischemic time is minimized. For most patients, the additional
pump and cross-clamp times pose no supplementary clinical risk.

2.4.6. Debated issues: RA ablation and LAA management

In case of chronic AF or in mitral patients, the addition of RA lesions increases the effective-
ness of surgical ablation by 10-15% [19]. The standard set proposed by Cox includes the fol-
lowing three distinct lesions: (1) a small (1-cm) incision in the right atrial appendage, which
provides access for the creation of a cryolesion to the tricuspid annulus (tricuspid lesion at
the10-0’clock position); (2) an incision in the RA body that terminates with a second cryole-
sion at the tricuspid annulus (tricuspid lesion at the 2-0’clock position); and (3) an intercaval
lesion that extends from the superior vena cava to the inferior one. It is a mistake to add a
classic “flutter line” (cavotricuspid isthmus ablation) to this lesion set, as it is unnecessary
and slows intra-atrial conduction. Creation of the standard RA lesions requires no more than
10 min and can be completed with the heart arrested or beating on cardiopulmonary bypass.

Management of the LAA is mandatory [1]. A recent prospective, randomized controlled trial
confirms that percutaneous occlusion of the LAA reduces the risk of stroke in patients with
AF. Successful surgical LAA management requires its complete excision or exclusion with
a residual stump less than 1 cm in length [20]. Surprisingly, several studies demonstrate
inadequate surgical management of the LAA, with residual flow after both endocardial and
epicardial ligation and large stumps after stapled and surgical excision. New epicardial occlu-
sion devices enable safe, rapid, and complete LAA exclusion; prospective trials confirm their
effectiveness. If the surgeon chooses to use suture to exclude the LAA, a single endocardial
pursestring or epicardial loop is inadequate. Endocardial exclusion should incorporate a two-
layered closure and epicardial one at least two sutures.

2.4.7. Comparison of available sources

Nowadays, only RF and cryothermy remain as available sources and are currently used in
medical practice separately or in combination with a similar success rate. Due to the possibility
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of associating different lesion line sets in different patients” category performed with unipo-
lar, bipolar RF, or cryothermy according to surgeon’s preference and habits, there is a lack of
randomized-prospective trials really comparing the performance of these two technologies
which are thus both accepted and employed in concomitant AF ablation.

2.5. Treatment of stand-alone AF
2.5.1. Indications

The Heart Rhythm Society Task Force on Catheter and Surgical Ablation of Atrial Fibrillation
(2012) recommend that surgical ablation may be considered as a stand-alone procedure in patients
who have failed antiarrhythmic drugs and who have either failed catheter ablation or who prefer
surgery over catheter ablation (class IIb indication) [14]. Stand-alone surgical ablation in patients
who have not trialed antiarrhythmic drugs represents a class III indication [14]. ESC guidelines
(2016) [15] report that catheter or surgical ablation should be considered for symptomatic control
in all cases of persistent or long-standing persistent AF that is refractory to antiarrhythmic drugs
(class IIa indication). They also recommend that minimally invasive PVI should be contemplated
where catheter ablation failed in symptomatic AF and that maze surgery should be considered
in refractory symptomatic AF or post ablation AF to reduce symptoms (class Ila indications).

2.5.2. Minimally invasive surgical techniques and the hybrid approach

Although surgical ablation for AF is much less frequently performed as a stand-alone pro-
cedure compared to its use as a concomitant procedure, the initial report of the Cox-maze
procedure was as a stand-alone procedure and was successful in providing freedom from
AF in all 22 patients at 3 months [14]. The open sternotomy, “cut-and-sew” Cox-maze III
procedure, has been used as a stand-alone procedure for the treatment of AF in some centers,
with reports showing a success rate of 95.9% at long-term follow-up with no significant differ-
ence when compared to Cox-maze III as concomitant procedure (97.5%). Nevertheless, maze
represents a very invasive operation requiring median sternotomy and, also in experienced
hands, 45-60 min of cardiopulmonary bypass and cardiac arrest; as a result, efforts have
been made to reduce the operative aggression in parallel with the introduction of alternative
energy sources for ablation, reducing the need for “cut-and-sew” incisions. Such an approach
led to the development of minimally invasive AF surgery [14, 21]. Two main operative tech-
niques have been described:

1. A bilateral thoracoscopic approach consisting in a video-assisted bilateral mini-thoracot-
omy or thoracoscopic pulmonary veins island creation and LAA removal or exclusion,
usually with ganglionic plexus evaluation and destruction. A monolateral approach is also
possible but is technically more demanding since the device must encircle the pulmonary
veins in one time passing through the transverse and the oblique sinus.

2. A right-side thoracoscopic approach with two or three ports, presenting the limitation of

the inability to remove the LAA.

Nevertheless, results of mini-invasive epicardial surgical ablation were below expectations, above
all when compared with those of open Cox-maze IV and cut-and-sew maze. More in detail, this
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was particularly true in case of non-paroxysmal AF, with a rate of freedom from arrhythmia
recurrence equal to 43% for long-standing persistent AF patients. A recent systematic review
estimated a 10-20% higher rate of recurrent atrial arrhythmias after minimally invasive surgery
as compared to open ablation-based surgery. Based on these findings, the attention of cardiac
surgeons and of cardiologists focused onto the comprehension of the reasons of such failure and,
thanks to careful electrophysiological observations, highlighted that often transmurality was not
achieved by current ablation tools applied endoscopically on the epicardium of the beating heart.

To overcome these limitations of minimally invasive surgical ablation as a stand-alone pro-
cedure in abolishing AF, hybrid ablation was developed, incorporating an adjunctive per-
cutaneous catheter procedure to bridge conduction gaps in the anatomically based surgical
ablation lines as well as additional targets determined electrophysiologically [22]. As a result,
respective advantages and limitations were overcome and combined, allowing a relevant
technical innovation.

The concept of “hybrid” procedure was first published by Pak et al. [23] who combined
percutaneous epicardial catheter ablation and endocardial ablation in difficult cases of
AF. According to this initial experience, other groups published their encouraging results
(early freedom from AF superior to 80%) with various hybrid techniques. Actually, three dif-
ferent techniques are employed, each utilizing unique RF ablation tools (Figure 8) [21]:

1. bilateral thoracoscopy with circumferential and linear lesions (LAMP [La Meir, Ailawadi,
Mahapatra, Pison] hybrid ablation) created using bipolar RF clamps and ablation pens
(Atricure, West Chester, OH), respectively;

2. right-sided thoracoscopy with simultaneous isolation of PV and posterior left atrium using
a suction monopolar RF catheter (Estech Cobra Adhere XL, Atricure, West Chester, OH)
designed to deliver an encircling linear lesion;

3. Subxiphoid posterior pericardioscopy (through laparoscopic incision of the central dia-
phragmatic tendon) with linear ablation using a vacuum irrigated unipolar RF device (Nu-
meris guided coagulation system with VisiTrax, nContact surgical, Inc., Morrisville, NC,
USA) to isolate or debulk the posterior left atrium and partially isolate the pulmonary
veins

PVI was a common end point in all studies. In addition to the differences in epicardial lesions
created by these very different strategies and tools, the timing of the endovascular catheter
component also varied widely, from being performed immediately after surgery or after a
delay ranging from 4 days to 3 months. Potential advantages of the “immediate staged” strat-
egy compared to the “delayed staged” one are (1) there is no risk of tamponade during the
trans-septal puncture since the pericardium is open; (2) the surgeon can protect the phrenic
nerves and the esophagus and the effective surgical ablation reduces the fluoroscopy time; (3)
thromboembolic events rate consequent to endocardial ablation is reduced since the majority
of lesions lines are performed epicardially.

Nevertheless, the hybrid procedure is time-consuming and the need of heparinization after
septal puncture just following the “surgery time” may cause major bleeding of dissected areas.
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The endovascular component itself varied significantly between studies, such as whether elec-
troanatomical mapping was utilized, the choice of linear ablation lesions, and which patients
these were performed in, whether physiological targets such as triggers and complex fraction-
ated atrial electrograms were targeted and selection of end points including intraprocedural
confirmation of conduction block and re-induction protocols. Many other aspects greatly var-
ied among the different approaches, such as ganglion, LAA, and ligament of Marshall man-
agement and peri-procedural medical treatment. Such diversity in approach is not surprising
given the relative infancy of minimally invasive surgical AF ablation and the novel ablation
tools used, as well as lack of consensus within the ablation community itself on optimal strate-
gies for persistent and long-standing persistent AF.

2.5.3. Outcomes of the hybrid approach

Published success rates from hybrid ablation, defined as maintained SR off antiarrhythmic
medications at 12 months, are 74.3% overall (76.9% for paroxysmal and 73.4% for persistent/
long-standing persistent AF patients) [21, 22]. The three described techniques failed to achieve
the same results in terms of freedom from AF recurrence, with the LAMP approach showing

Figure 8. Hybrid ablation: access, tools and lesions sets.
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the best performance (88%) and the subxiphoid posterior pericardioscopy the worst (59.3%).
Even the percentage of death or non-fatal complications greatly varied from 8.5% of the bilat-
eral approach to 0% right-sided thoracoscopy. The average length of hospital stay was between
3.6 and 7 days. A limited number of trials comparing the hybrid procedure versus sequential
catheter ablation are available, but hybrid results seem to be superior than the endovascular
alone ones, but with increased complications rate and longer post-procedural hospital stay.

3. Conclusions

The aim of the present treatise is to show that, thanks to the evolution in arrhythmia pathophys-
iology understanding, it has been possible to develop a series of different technological tools
and options able to treat even long-standing persistent lone or concomitant AF, permitting a
tailored procedural offer to every single patient including pure endocardial ablation, pure sur-
gical procedures (especially for concomitant cases), or a cooperation of both (hybrid strategies).

Undoubtedly, the way is still long, since several aspects of the treatment require improvements:
concerning concomitant chronic AF, first of all, rate success should be augmented by trying to
develop energy sources and technologies able to achieve transmurality in the totality of cases; sec-
ondly, it should be important to join an unanimous consensus onto lesions set schema to apply,
but such objective cannot be independent from a full comprehension of arrhythmia pathogenesis.

Even with reference to lone AF, understanding arrhythmia mechanisms is crucial in view of
developing less invasive techniques [21]. More in detail, recent studies are now more focused
on the role of autonomic ganglia in being the true triggers and perpetuators of AF and per-
haps they will rapidly become the main target of future ablation techniques.

Furthermore, results of the hybrid approach are encouraging but far from perfect, especially
in case of persistent and long-standing persistent AF and need to be confirmed in larger and
stronger trials also allowing comparison with last-generation catheter-based ablation tools.
Nevertheless, we can speculate that the success rate in the treatment of lone AF may probably
rely on a close collaboration between surgeons and electrophysiologists, implying the use of
“a common language” and information exchange.

In conclusion, by highlighting that midterm success results in terms of SR maintenance with-
out antiarrhythmic drugs are satisfactory, ranging from 60 to 90% depending from AF type
and ablation technique, such a comprehensive essay would like to represent a useful instru-
ment for clinicians, allowing them to hypothesize and recommend an adapted treatment to
their fibrillating patients.
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Abstract

The prevalence of atrial fibrillation and the likelihood of undergoing concomitant surgical
ablation at the time of open heart surgery are increasing. Currently, the conventional cut-
and-sew Maze procedure has been predominantly replaced by Cox-Maze IV procedure, in
which new energy sources such as radiofrequency energy and/or cryoablation are applied.
Cox-Maze IV procedure has been associated with lower rate of complications than a cut-
and-sew procedure. However, some previous studies reported the lower success rate of
Cox-Maze IV procedure, possibly because radiofrequency ablation or cryoablation cannot
always achieve transmurality. For the success of surgical ablation, achieving transmural-
ity, defined as complete atrial wall thickness of fibrotic changes, is of paramount impor-
tance. A review of previous articles regarding histopathological changes of the atrial tissue
following surgical ablation is performed. The effectiveness of new energy sources such as
radiofrequency and cryoablation in terms of histological transmurality is discussed.

Keywords: atrial fibrillation, Maze procedure, radiofrequency, cryoablation

1. Introduction

Surgical ablation for atrial fibrillation (AF) has been under continuous development for over
two decades. The most recent guidelines for the surgical treatment of AF reported by the
Society of Thoracic Surgeons (STS) state that surgical ablation for persistent AF can be per-
formed without adding operative risk and is recommended at the time of concomitant mitral
valve operations, isolated aortic valve operations, isolated coronary artery bypass grafting,
and combined aortic valve and coronary artery bypass surgery (class I strength of recom-
mendation) [1]. Surgical ablation is also recommended to symptomatic AF refractory to
medical or catheter-based therapy in the absence of structural heart disease (class II strength
of recommendation) [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Scheme of the bi-atrial Cox-Maze procedure IV utilizing radiofrequency (RF) or cryoablation energy sources.

The first clinical surgical ablation for AF was introduced by Dr. James Cox in 1987, and was
termed the Cox-Maze 1. The successful 22 cases were reported in 1991 [2]. Over the subse-
quent years, the operation evolved into the Cox-Maze III or the cut-and-sew Maze [3], which
has been applied extensively in clinical practice [4]. In the meantime, the introduction of abla-
tion technology has significantly changed the attitude. Damiano et al. employed a combina-
tion of radiofrequency energy and cryoablation to replace several of the Cox-Maze III cut and
sew lesions and termed this procedure as the Cox-Maze IV [5, 6]. Finally, the lesion sets of the
Cox-Maze IV have evolved to its current form [7, 8] (Figure 1).

Khargi et al. reported that conventional cut-and-sew Cox-Maze III procedure is getting less
frequently performed, and alternative sources of energy were predominantly used in all
surgical ablation cases (92.0%), and almost always (98.4%) in concomitant procedures [9].
Cryoablation is employed as an alternative source of energy [10-12]. As compared to radiofre-
quency and cryoablation, other energy sources such as microwave, laser, and high-frequency
ultrasound have proven less effective, and are not commercially available now [13-18].

2. Electrophysiologic basis of atrial fibrillation

It was documented that all AF is characterized by the presence of two or more large macroreen-
trant circuits in the atria simultaneously [19]. Haissaguerre et al. first detected the focal triggers
of atrial ectopic beats [20]. They noted that the ectopic foci are mainly (>90%) located in and
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around the orifices of the pulmonary veins and the remaining are located in other sites such
as right atrium, left atrium, crista terminalis, and left atrial appendage. The findings of their
paper, which reported that the triggers were successfully treated with radiofrequency ablation,
led to an explosion of efforts by a number of cardiologists and cardiac surgeons to treat AF
with catheter ablation and surgical techniques, respectively. The concept of treating AF was
originally focused on isolating the pulmonary veins, either by catheters or surgical devices.

However, AF produces unfavourable changes in atrial function and structure, which is called
remodeling [21]. After many years of paroxysmal AF, the macroreentrant circuits of AF can
become self-perpetuating. At this point, paroxysmal AF can become long-standing or per-
sistent AF, and the underlying electrophysiologic culprit is no longer the focal triggers, but
rather the macroreentrant circuits themselves. Therefore, for long-standing or persistent AF,
simple isolation of pulmonary veins is not an effective treatment because the focal triggers do
not account for onset of AF for this type of AF. In these patients, it is necessary to interrupt the
macroreentrant circuits by placing additional linear lesions in the atria. This concept has led
to a surgical ablation technique called Cox-Maze procedure.

3. Cryoablation

3.1. Introduction of cryoablation

The era of cryosurgery began with the development of automated cryosurgical equipment in
the 1960s. Cooper et al. described cryosurgical resection of parenchymal organs using liquid
nitrogen-refrigerated clamp in 1966 [22]. Cryosurgery has been an integral part of the surgi-
cal treatment of cardiac arrhythmias since the 1970s. With the recent technological develop-
ment of cryoablation devices, the use of cryothermy in the treatment of cardiac arrhythmias
is increasing.

Cryoablation is effective in producing electrical silent ablation lines, and can be used judi-
ciously safely without injuring surrounding structures such as coronary arteries and valve
tissue.

3.2. Mechanisms of tissue injury in cryoablation

Gage et al. described the mechanisms of tissue injury in cryosurgery [23]. The adverse effect of
low temperature on cells begins as temperature falls into the hypothermic range. The function
and structure of cells are stressed, and cell metabolism progressively fails. As the temperature
goes further down and falls into the freezing range, water is crystallized, which causes more
serious consequences than the earlier cooling. Ice crystal formation first occurs in the extra-
cellular spaces, and with further cooling, it occurs within the cell. Intracellular ice formation
requires temperatures colder than —40°C. Once intracellular ice is formed, it disrupts organ-
elles and cell membranes, and cell death is practically certain.

The progress to a stable lesion can be divided into three phases: (1) freeze/thaw phase, (2)
haemorrhagic and inflammatory phase, and (3) replacement fibrosis phase [24].
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1. Freeze/thaw phase.

Intracellular and extracellular ice formation vary in size and location depending on tissue
type, proximity to the cryoprobe, and the presence of blood flow during cryoablation. Ice
crystals, themselves, do not cause mechanical disruption. They do not penetrate the cell
membrane, but induce compression and distortion of adjacent cytoplasmic components
[25, 26]. Irreversible injury to mitochondria is a consequence of increased membrane per-
meability during the thaw phase [27]. The damage to the mitochondrial membrane leads
to membrane lipid peroxidation and enzyme hydrolysis. At this point, mitochondria be-
come irreversibly deenergized [28]. In the heart, the application of cryoprobe to myocar-
dium results in the formation of an elliptical hemispheroid lesion [29]. During the thawing,
the myocytes get swollen and the myofilaments are extremely stretched.

2. Haemorrhagic and inflammatory phase.

The second phase of myocardial injury following cryoablation is characterized by the de-
velopment of haemorrhage [29], oedema, and inflammation [30], which are found within
48 hours after thawing. Harrison et al. reported the histologic changes following cryoabla-
tion to the atrioventricular node [31]. One week after the procedure, microscopy showed
necrosis of myocardial cells and conduction fibres, a polymorphonuclear leukocytic infil-
trate and marked haemorrhage in the peripheral lesion.

3. Replacement fibrosis phase.

The last phase in the evolution of a stable cryolesion is detected at 2—4 weeks after the cry-
oablation. At this point, the cryolesions consist of dense collagen and fat infiltration along
with many small blood vessels. Harrison et al. reported that, 1 month after the procedure,
the lesion had been replaced by dense fibrotic connective tissue [31].

3.3. Electrophysiologic effects of cryoablation on the heart

Jensen et al. developed an experimental myocardial injury model using cryoinjury in dogs [32].
Their histologic examination showed that the cellular pattern or healing myocardial cryole-
sions was similar to that of a healing myocardial infarction, but with less variability. Several
papers reported that cryolesions have low arrhythmogenic potential in canine models [33-35].

Holman et al. reported the decrease of electrogram amplitude in cryolesions [33]. The decrease
in amplitude reflects epicardial ice insulation or inhibition of myocardial electrical potential.
More than 70% decrease in absolute amplitude from control potentials was predictive of cel-
lular death. Klein et al. demonstrated that the cryolesions are sharply demarcated from nor-
mal myocardium and does not disrupt the surrounding anatomy [34]. The chronic cryolesion
behaves electrophysiologically like an inert plug with no disruption of surrounding activa-
tion. Ventricular ectopic activity disappeared in cryolesions after 1 week of the cryoablation.

In conclusion, the cryothermal energy can create discrete, structurally intact, and electrically
inert foci in the myocardium. That is, the electrophysiologic mechanism for a cryoablation is
considered to be a useful therapeutic modality in the treatment of cardiac arrhythmias.
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3.4. Cryoablation device

Cryothermal energy is delivered to myocardial tissue by using a cryoprobe. Cryoablation
devices create an inflammatory response (cryonecrosis) that blocks the electrical conduction
pathway by freezing target tissues.

There are two commercially available cryoablation probes for surgical treatment of cardiac
arrhythmias. AtriCure Inc. (Mason, OH) has provided cryolCE probe, which uses a 10 cm
malleable probe on a 20 cm shaft. It utilizes nitrous oxide (N,O) to create continuous transmu-
ral lesions that block propagation of atrial activation. The cryoFORM is a latest generation of
cryoablation probe, which is made from stainless steel and has a corrugated surface, a design
that provides a high flexibility [36] (Figure 2).

Medtonic Inc. (Minneapolis, MN) has developed Cardioblate CryoFlex surgical ablation
probes, which utilize argon-powered cryoablation (Figure 3). This is a malleable probe easily
shaped by hand, and reaches temperature of approximately —~150°C. This device is currently
approved for use in surgical ablation for AF in Europe but not in the United States.

3.5. Transmurality of cryoablation

Kettering et al. created a successful, a right atrial septal linear lesion with cryocatheter in pigs
[37]. The bipolar voltage map demonstrated very low potentials along the ablation line and a
sharply demarcated ablation area. However, they concluded that creating a transmural lesion
and a complete conduction block remains an unsolved problem. Wadhwa et al. reported
that successful transmurality was achieved with catheter cryoablation in the canine ventricle
[38]. Masroor et al. reported that endocardial hypothermia was achieved with epicardial

Figure 2. [llustration of the flexibility of the cryoFORM ablation probe. The length of the active site of the malleable
probe surface is adjustable by the movable shaft cover (Reproduced with permission from AtriCure, Inc.).

o

Figure 3. Illustration of the Cardioblate CryoFlex ablation device (Reproduced with permission from Medtronic, Inc.).

67



68 Cardiac Arrhythmias

cryoablation on a beating heart model in pigs [39]. Schill et al. reported that the latest cryoab-
lation probe produced transmural lesions in 97% of the arrested heart in an ovine model [40].

However, the transmurality created by surgical cryoablation in the human tissue has not been
well studied.

4. Radiofrequency ablation

4.1. Introduction of radiofrequency ablation

Since Haissaguerre et al. demonstrated the efficacy of radiofrequency ablation for paroxysmal
atrial fibrillation [20], radiofrequency has become the standard treatment for both catheter-
based ablation and surgical ablation for cardiac arrhythmias. Chiappini et al. reported the
efficacy of radiofrequency ablation in the patients who had chronic atrial fibrillation, and it
was as effective as cut-and-sew Maze procedure [41, 42].

However, lesions created by hyperthermia have a potential risk of tissue disruption that can
result in perforation of surrounding tissue, pulmonary stenosis, and thromboembolic stroke
[43, 44].

4.2. Bipolar versus unipolar radiofrequency

Bugge et al. compared the transmurality of ablated lesions in ovine hearts using irrigated
bipolar and unipolar radiofrequency ablation [45]. They reported that bipolar radiofrequency
was superior in creating transmurality, but both devices failed to produce consistent transmu-
rality using the epicardial beating heart technique. Gonzalez-Suarez et al. also demonstrated
that bipolar is more effective than unipolar in achieving transmurality in vitro [46]. However,
the superiority of bipolar over unipolar in human has not been established.

AtriCure Inc. (Mason, OH) has provided bipolar radiofrequency ablation device, which has
stainless steel shaft and jaws to maintain consistent tissue pressure and precise electrode
alignment across the entire length of the jaws (Figure 4).

Medtonic Inc. (Minneapolis, MN) has provided Cardioblate system, which utilizes irrigated
bipolar radiofrequency energy to ablate tissue transmurally (Figure 5).

Figure 4. Illustration of the bipolar radiofrequency clamp (Reproduced with permission from AtriCure, Inc.).
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Figure 5. Illustration of the Cardioblate clamp, which utilizes bipolar radiofrequency energy source (Reproduced with
permission from Medtronic, Inc.).

4.3. Histopathological changes after radiofrequency ablation

Heat propagation is based on both resistive and passive mechanisms. In the early phase of
radiofrequency ablation, tissue is heated to 50-60°C resulting in coagulation and irrevers-
ible destruction of cell and collagen structures. Ablation of the peripheral part of the lesion
results from passive heating with the same effect of irreversible damage. Both resistive and
passive heating propagate in all directions so that the tissue lesion becomes similar in depth
and width [41]. Once the transmurality is achieved with radiofrequency ablation, there is no
proarrhythmic activity found in the scar tissue [47].

Aupperle et al. reported the histological findings in experimental atrial ablation in sheep [48].
They reported that epicardial bipolar radiofrequency resulted in intensive endocardial necro-
ses and severe sharply demarcated transmural myocardial necroses. Similarly, endocardial
unipolar radiofrequency resulted in severe endocardial necroses as well as intense, transmu-
ral, and well demarcated myocardial necroses. Ba et al. also reported that radiofrequency
resulted in myocyte necrosis in sheep, and radiofrequency was as effective as cryotherapy
[49]. Gaynor et al. performed surgical ablation using bipolar radiofrequency energy source
in pigs [50]. They reported histological assessment that showed all lesions created by bipolar
radiofrequency were transmural and there were no stenosis of the coronary vessels or inju-
ries to the valves.

4.4. Transmurality of radiofrequency ablation

Although bipolar radiofrequency produces transmural linear lesions in the animals [51, 52],
transmurality is not always achieved in human, as several papers reported [53, 54]. Deneke
et al. reported that transmurality of the ablated lesions could only be found in 75% in human
atria [55]. Kasirajan et al. reported the histopathological findings in three human patients who
had autopsy after surgical ablation [53]. Their microscopic examination showed that (1) surgi-
cally ablated lesions showed not only transmural but also nontransmural lesions (Figure 6),
(2) chronic ischemic and fibrotic changes existed in the myocardium of the patients who had
long-standing persistent AF and mitral regurgitation, and (3) acute bi-directional electrical
conduction block did not guarantee transmurality of ablation lesions. They assumed that the
underlying disease process prevented the creation of transmural lesions. The wall thickness
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Figure 6. (a) Day 6 of surgical ablation. Extensive fibrosis in atrial tissue (blue) with necrotic myocardium (purple), and
viable muscle (red). (Mason trichrome stain: magnification x40.) (b) Day 18 of surgical ablation. Healing with coagulative
necrosis and wavy bundles of collagen with few viable cells in between (hematoxylin and eosin: magnification x100.).

of the atrium has been known to affect the transmurality [45]. Therefore, repeated radiofre-
quency ablation is recommended, especially in thick lesions [56, 57].

Ventosa-Fernandez et al. reported the histologic evidence of transmurality 4 years after bipo-
lar radiofrequency ablation [58].

5. Conclusions

Recently, the conventional cut-and-sew Cox-Maze procedure has been replaced by alterna-
tive energy sources in the surgical treatment of atrial fibrillation. Cryoablation and radiofre-
quency ablation have been playing an important role in this field. Both energy sources have
been shown to be effective in treating atrial fibrillation. However, despite the technological
advancement, there remains uncertainty of transmurality in human tissue, especially when
patients have underlying disease. Lack of transmurality may result in failure of surgical abla-
tion. Further histopathological studies will be necessary in assessing the effectiveness of using
alternative energy sources. Moreover, a further technological advancement in achieving reli-
able transmurality should be warranted in the future.
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Abstract

Idiopathic ventricular arrhythmias (VAs) occur with a mechanism that is unrelated to
myocardial scar. Idiopathic VAs most commonly occur in patients without structural
heart disease, but can occur in those with structural heart disease. Idiopathic VAs present
as a sustained or a non-sustained ventricular tachycardia or premature ventricular con-
tractions. Imaging examinations such as echocardiography, nuclear tests, and cardiac
magnetic resonance imaging are helpful for excluding any association of an idiopathic
VA occurrence with myocardial scar. For the past two decades, the sites of idiopathic VA
origins, commonly endocardial but sometimes epicardial, have been increasingly recog-
nized. Idiopathic VAs usually originate from specific anatomical structures and exhibit
characteristic electrocardiograms based on their anatomical background. Idiopathic VAs
are basically benign, but they require medical treatment or catheter ablation when idio-
pathic VAs are symptomatic, frequent, or cause tachycardia-induced cardiomyopathy.
This book chapter describes the up-to-date information on the prevalence of idiopathic
VA origins relevant to the anatomy, diagnosis, and treatment of idiopathic VAs.

Keywords: idiopathic, ventricular tachycardia, anatomy, diagnosis, treatment

1. Introduction

Idiopathic ventricular arrhythmias (IVAs) present as ventricular tachycardias (VTs) or pre-
mature ventricular contractions (PVCs) whose mechanisms are not associated with a myocar-
dial scar. IVAs commonly occur in patients without structural heart disease (SHD), but can
occur in those with SHD [1-3]. Classically, VTs originating from the right ventricular outflow
tract (RVOT) and the left posterior fascicle are well known as IVAs. However, for the past
two decades, IVAs originating from other endocardial and also epicardial sites have been
increasingly recognized (Figure 1) [3]. IVAs usually originate from the specific anatomical
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Figure 1. Idiopathic ventricular arrhythmia origins. AIVV, anterior interventricular vein; AMC, aorto-mitral continuity;
APAM, anterolateral papillary muscle; GCV, great cardiac vein; LAF, left anterior fascicle; LPF, left posterior fascicle;
LV, left ventricle; LVOT, LV outflow tract; MA, mitral annulus; MCV, mid-cardiac vein; PA, pulmonary artery; PAM,
papillary muscle; PPAM, posteromedial papillary muscle; RV, right ventricle; RVOT, RV outflow tract; TA, tricuspid
annulus.

structures and exhibit characteristic electrocardiograms based on their anatomical back-
ground. Basically, IVAs are benign and not life-threatening, but are often symptomatic and
also can cause tachycardia-induced cardiomyopathy [4, 5]. Therefore, it is important for car-
diologists to update their knowledge about IVAs. This chapter describes the current expertise
on the prevalence of IVA origins relevant to the anatomy, diagnosis, and treatment of IVAs.

2. Prevalence of IVA origins relevant to the anatomy

The sites of IVA origins have been identified by electrophysiological mapping and confirmed
by successful catheter ablation. The most common site of IVA origins is the ventricular outflow
tract [1, 6]. IVAs originate more often from the RVOT than from the left ventricular outflow
tract (LVOT). In the RVOT, the septum is a more common site of IVA origins than the free wall.
The most common site of IVA origins in the LVOT is the aortic root followed by the sites under-
neath the aortic sinus cusps (ASCs) (Figure 2) [7, 8]. Especially, the site underneath the left cor-
onary cusp (LCC) is located in front of the mitral annulus (MA) and is termed the aorto-mitral
continuity (AMC). The MA is also one of the major sites of IVA origins [9, 10]. The anterome-
dial aspect of the MA may overlap with the AMC. Anatomically, the aortic and mitral valves
are in a direct apposition and attach to the elliptical opening at the base of the left ventricle (LV)
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1cem

Figure 2. Two-dimensional computed tomography (CT) images showing the relationships between the ventricular
myocardium and aortic sinus cusps. The arrowheads and dotted line in the left panel indicate the ostium of the left ventricle.
The arrowheads in the right panel indicate the superior edge of the ventricular myocardium connecting with the left
coronary cusp and right coronary cusp (RCC), and the dotted line the ventriculo-arterial junction. Ant, anterior; Ao, aorta;
IAS, interatrial septum; L, left coronary cusp; LA, left atrium; LCA, left coronary artery; LV, left ventricle; MV, mitral valve;
NCC, noncoronary cusp; R, right coronary cusp; RV, right ventricle. This figure was cited from Ref. [7] with permission.

known as the LV ostium [11, 12] (Figure 2). Because there is no myocardium between the aor-
tic and the mitral valves (fibrous trigone), most idiopathic LV ventricular arrhythmias (VAs)
can originate from along the LV ostium. The LV myocardium comes in direct contact with the
aorta at the base of the ASCs (Figure 2). When IVAs arise from the most superior portion of
the LV ostium (the aortic sinus of valsalva), they can be ablated within the base of the ASCs.
It has been reported that some IVAs can be ablated from the junction (commissure) between
the left and the right coronary cusps (L-RCC) [13]. In these VAs, catheter ablation from under-
neath the ASCs is often required for their elimination. Anatomically, the superior end of the
LV myocardium makes a semicircular attachment to the aortic root at the bottom of the right
and left coronary cusps. However, because of the semilunar nature of the attachments of the
aortic valvular cusps, the superior end of the LV myocardium is located underneath the aortic
valves at the L-RCC (Figure 2). Therefore, IVAs that can be ablated at the L-RCC should be
classified into the same group as the VAs that can be ablated within the ASCs. In this setting,
these IVAs may be defined as IVAs arising from the aortic root [7]. It has been reported that
IVAs can rarely be ablated from within the noncoronary cusp of the aorta (NCC) [7, 14, 15].
Spatially, the aortic root occupies a central location within the heart, with the NCC anterior
and superior to the paraseptal region of the left and right atria close to the superior atrioven-
tricular junctions (Figure 3) [12]. In normal human hearts, the NCC is adjacent to the atrial
myocardium on the epicardial aspect of the interatrial septum. When atrial tachycardias arise
from that region of the atria, those atrial tachycardias can be ablated from within the NCC. It
is considered that the NCC does not directly come in contact with the ventricular myocardium
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Figure 3. Two-dimensional (right panel) and three-dimensional (left panel) CT images. The dotted line indicates the
tricuspid annulus and solid circle the right ventricular His bundle (HB) region. L, left coronary cusp; N, noncoronary
cusp; RA, right atrium; RCA, right coronary artery; SVC, superior vena cava. The other abbreviations are as in the
previous figures. This figure was cited from Ref. [15] with permission.

(Figure 3). However, it has been reported that some IVAs can be ablated from within the NCC
[14]. The clinical observation that a noncoronary sinus of valsalva aneurysm can rupture into
the right ventricle (RV), as well as the right atrium, supports the assumption that the NCC
may be attached to the ventricular myocardium where IVAs can arise from. Some IVAs can
be ablated from within the pulmonary sinus cusps [16]. The ventricular muscle is attached to
the pulmonary sinus cusps (PSCs) in the RVOT like the ASCs in the LVOT. The ventricular
muscle extends above the PSCs, but it should be noted that ventricular myocardial extensions
never occurs in the aorta [12]. The ventricular muscle may appear to extend above the right
coronary cusp (RCC) because of the specific nature of the interventricular septum. However,
the superior end of the left ventricular muscle attaches to the RCC, and the right ventricular
muscle attaching to the left ventricular muscle underneath the RCC runs in the interventricular
septum up to the PSCs, which is located above the ASCs. In fact, the right ventricular muscle
in the interventricular septum is separated from the RCC and aorta by a loose connective tis-
sue. When IVAs arise from the ventricular muscle underneath the ASCs and PSCs or above the
PSCs, catheter ablation within the ASCs and PSCs is required to cure those VAs because those
VA origins are likely to be epicardial.

IVAs can originate from the atrioventricular annuli including the MA [9, 10] and tricuspid
annulus (TA) [17]. IVAs originating from the MA and TA account for 5 and 8% of all IVAs,
respectively. MA VAs can originate from any of the regions along the MA except the septal
aspect where the fibrous trigone is located with no ventricular myocardium, but the antero-
lateral and posteroseptal aspects of the MA are the most common and second most common
sites of MA VA origins, respectively [9, 10]. TA VAs can originate from any regions along the
TA, but more often originate from the septal aspect, especially in the anteroseptal or para-
Hisian region than the free wall [17].
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IVAs can arise from the intracavital structures including the papillary muscles (PAMs) [18-22]
and moderator band (MB) [23]. PAM VAs account for approximately 7% of patients with IVAs
[18-22]. LV PAM VAs are known to arise more commonly from the posteromedial PAM than
from the anterolateral PAM [20]. The sites of the PAM VA origins are limited to the base of
the PAMs. IVAs can rarely originate from the PMs in the RV [22]. IVAs can arise from all three
RV PAMs, but half of them arise from the septal PAM [22]. It has been recently reported that
the MB rarely can be a source of IVAs including PVCs, VTs, and ventricular fibrillation [23].
Anatomically, the MB is considered to be a part of the septomarginal trabeculation, crossing
from the septum to the RV free wall and supporting the anterior PAM of the tricuspid valve
(Figure 4) [23].

Most recently, it has been reported that IVAs can arise from the muscular bands in the RV [24, 25].
The RVOT is the most common site of IVA origins. In the RV, the TA is the second most com-
mon site of IVAs, and less commonly idiopathic VAs can originate from some RV muscles
[3, 17, 22, 23]. Anatomically, the muscles of the RV may be divided into three groups: (1) tra-
beculae, (2) papillary muscles of the tricuspid valve, and (3) infundibular muscles (Figure 5).
The muscles of the infundibulum are thick muscular bands, consisting of the septal and parietal
bands. The junction of these two bands is often indicated by a raphe or a ridge extending from the
superior papillary muscle to the nadir of the posterior pulmonary leaflet. This junction has been

Figure 4. Twelve-lead electrocardiograms exhibiting a premature ventricular contraction originating from the moderator
band (MB) (left panel) and an intracardiac echocardiographic image (middle panel) and fluoroscopic images (right
panels) exhibiting the successful ablation site of the premature ventricular contraction originating from the MB. ABL,
ablation catheter; APM, anterolateral papillary muscle; CS, coronary sinus; ICE, intracardiac echocardiography catheter;
LAOQ, left anterior oblique; RAO, right anterior oblique. The other abbreviations are as in the previous figures. This figure
was modified from Ref. [10] with permission.
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Figure 5. Autopsy heart exhibiting the infundibular muscles. PA, pulmonary artery; PB, parietal band; SB, septal band;
SPM, superior papillary muscle. The other abbreviations are as in the previous figures. This figure was adapted from
Ref. [25] with permission.
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Figure 6. Twelve-lead electrocardiograms exhibiting the ventricular arrhythmia originating from the crux of the heart
(left panel) and fluoroscopic images exhibiting its successful ablation site. The abbreviations are as in the previous
figures. This figure was adapted from Ref. [30] with permission.
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Figure 7. CT (left panels) and fluoroscopic (right panels) images exhibiting the LV summit. The LV summit was defined
based on the fluoroscopy and coronary angiography as the region on the epicardial surface of the LV near the bifurcation
of the left main coronary artery that is bounded by an arc (black dotted line) from the left anterior descending coronary
artery (LAD) superior to the first septal perforating branch (black arrowheads) and anteriorly to the left circumflex
coronary artery (LCx) laterally. The great cardiac vein (GCV) bisects the LV summit into a superior portion surrounded
by the white dotted line (the inaccessible area) and an inferior portion surrounded by a red dotted line (the accessible area).
The white arrowheads indicate the first diagonal branch of the LAD. AIVV, anterior interventricular cardiac vein; HB,
His bundle; LMCA, left main coronary artery; PA, pulmonary artery. The other abbreviations are as in the previous
figures. This figure was cited from Ref. [31] with permission.

termed the crista supraventricularis. An extension of the septal band is the MB, which usually
extends inferiorly to the site of attachment of the anterior papillary muscle in the anterior wall.
The parietal band extends across the tricuspid orifice onto the anterior wall, fading out above the
area of the attachment of the anterior papillary muscle. IVAs rarely arise from the infundibular
muscles, and parietal band IVAs are approximately three times as prevalent as septal band IVAs.

IVAs can arise from the Purkinje network, most commonly from the left posterior fascicle fol-
lowed by the anterior and septal fascicles [21, 26, 27]. These IVAs most often present as reen-
trant VTs, but sometimes as VTs or PVCs with a focal mechanism. The left anterior fascicle
runs along the MA. The left septal fascicle is located between the left anterior and posterior
fascicles, and there is a normal variation in its origin and distribution. The peripheral Purkinje
network extends to the surface of the PAMs and MB. Therefore, these VAs have to be differen-
tiated from IVAs originating from the PAMs, MB, and atrioventricular annuli.

IVAs arise commonly from the endocardial side, but can arise from the epicardial side [27]
and rarely from the intramural site [28, 29]. There are two major sites of origin of idiopathic
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epicardial VAs such as the crux of the heart [30] and LV summit [31]. Anatomically, the crux
of the heart is formed by the junction of the atrioventricular groove and the posterior inter-
ventricular groove and corresponds roughly to the junction of the middle cardiac vein and
coronary sinus, near the origin of the posterior descending coronary artery (Figure 6) [30]. A
region of the LV epicardial surface that occupies the most superior portion of the LV has been
termed the LV summit by McAlpine (Figure 7) [11, 31]. The LV summit is bounded by the left
anterior descending coronary artery and the left circumflex coronary artery. This region near
where the great cardiac vein (GCV) ends and the anterior interventricular cardiac vein begins
is one of the major sources of epicardial IVAs. The LV summit is bisected by the GCV into
an area lateral to this structure that is accessible to epicardial catheter ablation (the accessible
area) and a superior region that is inaccessible to catheter ablation due to the close proximity
of the coronary arteries and a thick layer of epicardial fat that overlies the proximal portion of
these vessels (the inaccessible area) [31]. The prevalence of LV summit VAs has been reported to
account for 12% of idiopathic LV VAs. Among these VA origins, 70, 15, and 15% of them have
been identified within the GCV, accessible area, and inaccessible area, respectively.

3. Diagnosis of IVAs

3.1. Imaging

IVAs are defined as VAs originating from normal ventricular myocardium. Therefore, any
association of myocardial scar with an occurrence of VAs has to be excluded for a diagnosis
of IVAs. Echocardiography and exercise stress testing are basic examinations to demonstrate
no evidence of SHD. However, IVAs can occur in patients with SHD. If VAs originate away
from the myocardial scar, they are considered idiopathic. Therefore, an imaging study such
as echocardiography, nuclear test, or cardiac magnetic resonance imaging (cMRI) should be
performed to locate the site of the scar in patients with SHD. Frequent IVAs can cause tachy-
cardia-induced cardiomyopathy. When evidence of myocardial scar is excluded by a nuclear
test or cMRI despite a reduced LV function, tachycardia-induced cardiomyopathy is likely to
be present. A definite diagnosis of tachycardia-induced cardiomyopathy can be made when
the LV function recovers after the IVAs are well treated by medication or catheter ablation.

3.2. Electrocardiogram

IVAs usually originate from specific anatomical structures and exhibit characteristic elec-
trocardiograms (ECGs) based on their anatomical background. In general, the first clue in
12-lead surface electrocardiograms for predicting a site of an IVA origin is a bundle branch
block pattern in lead V1. A right bundle branch block (RBBB) pattern clearly suggests an
origin in the LV, whereas a left bundle branch block (LBBB) pattern suggests an origin in the
RV or the interventricular septum. Second, an inferior axis (dominant R waves in leads II,
III, and aVF) suggests an origin in the superior aspect of the ventricle, whereas a superior
axis suggests an origin in the inferior aspect. A negative QRS polarity in lead I suggests an
origin in the LV free wall [2, 9], and a QS pattern in lead V6 suggests an origin near the apex
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(Figures 4, 8, and 9) [2, 21]. An R/S wave amplitude ratio of >1 in lead V6 suggests an origin in
the base (ventricular outflow tract or annuli), whereas an R/S wave amplitude ratio of <1 sug-
gests an origin in the middle of the ventricle (papillary muscles or left fascicles) (Figures 4, 8,
and 9) [2, 21]. Twelve-lead ECGs are very helpful for predicting the likely epicardial VT
origins (Figures 10 and 11). Because in human hearts, the Purkinje network that can quickly
facilitate ventricular activation throughout the ventricles is located only in the subendo-
cardium, ventricular activation from the epicardial origin requires more time to reach the
Purkinje network, resulting in a slow onset of the QRS during epicardial VTs. Based on this
mechanism, several parameters predicting epicardial VT origins have been proposed: a
“pseudo-delta” wave duration of >34 ms, a QRS duration of >200 ms, a delayed intrinsicoid
deflection of >85 ms, an RS complex duration of >121 ms, and a maximum deflection index
(MDI) (calculated by dividing the shortest time from the QRS onset to the maximum deflec-
tion in any of the precordial leads by the total QRS duration) of >0.54 (Figure 10) [33, 34].
When ventricular activation propagates from an epicardial origin at the LV free wall or ven-
tricular posterior wall, the total activation vector should go from a lateral toward medial
or from an inferior toward superior direction, resulting in a QS pattern in lead I or lead
aVF (Figure 11) [32]. On the other hand, when ventricular activation propagates from an
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Figure 8. Representative 12-lead electrocardiograms of the QRS complexes during ventricular arrhythmias originating
from the anterolateral region in the LV. APM, anterolateral papillary muscle; L, lateral portion; LAF, the left anterior
fascicle; MA, mitral annulus; X-F, R, VAs with a focal or a macroreentrant mechanism. This figure was reproduced from
Ref. [21] with permission.
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Figure 9. Representative 12-lead electrocardiograms of the QRS complexes during ventricular arrhythmias originating
from the posteroseptal region in the LV. LPF, the left posterior fascicle; MA, mitral annulus; P, posterior portion; PPM,
posteromedial papillary muscle; X-F, R, VAs with a focal or a macroreentrant mechanism. This figure was reproduced
from Ref. [21] with permission.
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Figure 10. Twelve-lead electrocardiograms exhibiting a ventricular arrhythmia originating from the LV summit and the
measurement of the maximal deflection index (MDI). This figure was cited from Ref. [3] with permission.
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Figure 11. Schema showing the mechanism to explain the difference in the QRS morphology in lead aVF during
ventricular tachycardias with endocardial (left) and epicardial (right) foci. Inf, inferior; L, left; R, right; Sup, superior.
This figure was cited from Ref. [32] with permission.

endocardial origin on the LV free wall or ventricular posterior wall, a part of the activation
vector should go toward the lateral or the inferior direction, which reflects the activation con-
ducting through the wall of the ventricular muscle toward the epicardium, resulting in the
presence of an initial R wave in lead I or lead aVF (Figure 11). Therefore, a QS pattern in lead
I or aVF suggests an epicardial origin in the LV free wall [10] or the ventricular posterior wall,
respectively (Figure 11). All these ECG features are more accurate without SHD than with it,
because without any scar tissue associated with SHD, the ventricular activation propagates
away from VA origins through normal ventricular myocardium in a predictable manner.

IVAs originating from the RVOT and LVOT exhibit similar ECG characteristics because ana-
tomically, the RVOT and LVOT are located next to each other (Figure 3). The ECGs of idio-
pathic outflow tract VAs are characterized by positive R waves in all inferior leads and deep
S waves in both leads aVR and aVL (almost QS pattern) (Figures 12-14). An RBBB QRS mor-
phology clearly suggests a VA origin on the left side. However, when idiopathic outflow
tract VAs exhibit an LBBB QRS morphology, it is often difficult to differentiate RVOT VAs
from LVOT VAs. Because anatomically, the LVOT is located posterior to the RVOT (Figure 3),
LVOT VAs exhibit taller and wider R waves in leads V1 and V2 than RVOT VAs. Therefore,
the precordial transition is helpful for differentiating RVOT VAs from LVOT VAs. When
the precordial transition is later than lead V4, the VAs are very likely to originate from the
RVOT, and when the precordial transition is earlier than lead V2, the VAs are very likely to
originate from the LVOT. However, when the precordial transition is in lead V3, it is most
difficult to differentiate RVOT VAs from LVOT VAs. Although multiple ECG algorithms to
differentiate RVOT VAs from LVOT VAs have been proposed, two ECG algorithms may be
recommended, the magnitude and width of the R wave or QRS complex in leads V1 and V2
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Figure 12. Examples of an electrocardiographic analysis of ventricular arrhythmias. The first beats are sinus and the
second beats are ventricular arrhythmias originating from the left coronary cusp (LCC) and the right ventricular outflow
tract (RVOT). A indicates the total QRS duration, B the longer R-wave duration in lead V1 or V2, determined in lead
V2 from the QRS onset to the R-wave intersection point where the R-wave crosses the isoelectric line, C the R-wave
amplitude, measured from the peak to the isoelectric line, and D the S-wave amplitude measured from the QRS nadir
to the isoelectric line. The R/S wave amplitude ratio in lead V2 (C'/D’) is greater than that in lead V1 (C/D), and C'/D' is
determined as the R/S wave amplitude index. The R/S amplitude index is less than 0.3 and the R-wave duration index
(B/A) less than 0.5 during RVOT VAs, whereas they are not during LCC VAs. This figure was cited from Ref. [6] with
permission.

(R/S wave amplitude and duration indexes) [8] (Figure 12) and V2S/V3R amplitude ratio [35]
(Figure 13), because they can simply and accurately perform a diagnosis by an ECG of VA
only. The R/S wave amplitude in leads V1 and V2 is measured as the amplitude of the QRS
complex peak or nadir to the isoelectric line. The R/S wave amplitude index, calculated from
the percentage of the R/S wave amplitude ratio in lead V1 or V2 (whichever is greater), is
considered more useful than the R/S wave amplitude ratio alone in lead V1 or V2. The R-wave
duration index is calculated by dividing the longer R-wave duration in lead V1 or V2 by the
QRS complex duration. An R/S amplitude index of <0.3 and an R-wave duration index of <0.5
may strongly suggest a VA origin on the right side (Figure 13) [8]. The V25/V3R amplitude
ratio is calculated by dividing the amplitude of the S wave in lead V2 by that of R wave in lead
V3. A V25/V3R amplitude ratio of <1.5 can predict LVOT VA origins and that of >1.5 RVOT
VA origins (Figure 13) [35]. This ECG algorithm is useful even when the precordial transition
is observed in lead V3 and has been proven to be the most accurate among the previous ECG
algorithms to differentiate RVOT VA origins from LVOT VA origins.

Although the three ASCs are located next to each other, IVAs that can be ablated within each
ASC may be differentiated by ECGs (Figure 14) [7]. IVAs that can be ablated within the RCC
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and at the L-RCC rarely exhibit an RBBB pattern, and IVAs that can be ablated within the
NCC always exhibit an LBBB pattern. The R-wave amplitude ratio in leads III-II (III/I ratio) is
useful for differentiating LCC VAs from RCC VAs. When the III/II ratio is >0.9, VAs are more
likely to be ablated within the LCC. A qrS pattern in the right precordial leads may be highly
specific for an L-RCC VA origin (Figure 14) [13]. The ECG characteristics of NCC VAs are
similar to those of RCC VAs (Figure 14) [14]. However, an S wave in lead III is present during
NCC VAs although it is not during RCC VAs. When the III/II ratio is <0.65, VAs are more likely
to be ablated from within the NCC.

AlIIMA VAs exhibit an RBBB pattern and monophasic R or Rs in leads V2-V6 (Figure 15) [9, 10].
Because the origins of all MA VAs are located in the posterior portion of the LV, which is
distant from the precordial electrodes, the activation from the MA VA origins propagates
toward these electrodes, resulting in an early precordial transition and a concordant positive
QRS pattern in leads V2-V4 during MA VAs. The ECG characteristics are very helpful for
predicting sites of MA VA origins [9, 10]. The polarity of the QRS complex in the inferior and
lateral leads (I and aVL) is positive and negative in anterolateral MA VAs, while it is negative
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Figure 13. Representative 12-lead electrocardiograms of VAs originating from the ventricular outflow tract. The first beat
is a sinus beat and the second is a premature ventricular contraction in each panel (A-F). The S-wave amplitude in lead
V2, R-wave amplitude in lead V3, and V2S/V3R index are listed below each panel. All right ventricular outflow tract
(RVOT) PVCs exhibited a V25/V3R index of >1.5, while all left ventricular outflow tract (LVOT) PVCs exhibited a V2S/
V3R index of <1.5. The PVCs were successfully ablated in the RVOT septum (A and B), RVOT free wall (C), left coronary
cusp (D), right coronary cusp (E), and aorto-mitral continuity (F). The other abbreviation is as in the previous figure. This
figure was cited from Ref. [35] with permission.
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Figure 14. Two-dimensional CT images and representative 12-lead electrocardiograms of ventricular arrhythmias
originating from the aortic root. L, left coronary cusp; N, noncoronary cusp; R, right coronary cusp. The other
abbreviations are as in the previous figures. This figure was cited from Ref. [7] with permission.

and positive in posterior and posterolateral MA VAs, respectively. MA VAs originating from
the free wall of the MA are characterized by a longer QRS duration sometimes with pseudo-
delta waves and notching in the late phase of the R or Q wave in the inferior leads, which may
result from phased excitation from the LV free wall to the RV (Figure 15). Posterior MA VAs
exhibit a dominant R wave in lead V1, whereas posteroseptal MA VAs exhibit a negative QRS
component in lead V1 (qR, qr, rs, 1S, or QS).

AlI'TA VAs exhibit an LBBB QRS morphology and positive QRS polarity in leads I, V5, and V6
(Figure 16) [17] because the TA VA origins are located on the right anterior side of the heart,
and the activation propagating from TA VA origins toward the apex generates a positive QRS
polarity in leads V5 and V6. The R wave in lead I is usually taller during TA VAs than during
RVOT VAs because the TA is located more rightward and inferior to the RVOT. For the same
reason, a positive QRS polarity in all of the inferior leads is rare in TA VAs but common in all
RVOT VAs. During TA VAs, a QS or an 1S pattern in lead aVL is rare, and the QRS polarity in
lead aVL is positive in almost all TA VAs, which is not the case for RVOT VAs. Among all TA
VAs, the QRS duration and Q wave amplitude in each of the leads V1-V3 are greater in TA
VAs originating from the free wall of the TA than in those from the septal wall of the TA [17].
Septal TA VAs exhibit an early precordial transition (lead V3), a narrower QRS duration, and
QS in lead V1 with the absence of notching in the inferior leads while the free wall TA VAs are
associated with a late precordial transition (>lead V3), a wider QRS duration, the absence of Q
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Figure 15. Representative 12-lead electrocardiograms of the premature ventricular contractions originating from the
anterolateral (a), posterior (b), and posteroseptal (c) aspects of the mitral annulus. The arrows indicate “notching” of the
late phase of the QRS complex in the inferior leads. This figure was cited from Ref. [10] with permission.

waves in lead V1, and the presence of notching in the inferior leads (the timing of the second
peak of the notched QRS complex in the inferior leads corresponds precisely with the LV free
wall activation) (Figure 16). A negative QRS polarity in the inferior leads predicts VA origins
in the posterior aspect of the TA, and otherwise, VA origins in the mid- to anterior aspects of
the TA are suggested.

IVAs originating from the anterolateral and posteromedial PAMs in the LV exhibit RBBB and
right inferior and left or right superior axis QRS morphologies, respectively (Figures 8 and 9)
[18-21]. IVAs originating from the posterior or anterior RV PAMs more often exhibit a supe-
rior axis with a late precordial transition (>lead V4) as compared with septal RV PAM VAs,
which more often exhibit an inferior axis with an earlier precordial transition (<lead V4) [22].

Because of the close anatomical relationship, it is important to distinguish PAM VAs from MA
VAs and LV fascicular VAs by ECGs (Figures 8 and 9) [21]. The ECG features such as an 1S in
lead I, an 1S in lead aVR (for only the LV anterolateral region), a qR in lead aVL, a Q in lead
V1, an S wave amplitude ratio in leads III to II <1.5, and an R/S ratio of <1 in lead V6 (the last
two parameters are for only the LV posteroseptal region) can accurately distinguish MA VAs
from PAM and LV fascicular VAs [21]. However, the ECG features are very similar for PAM
and LV fascicular VAs, and an R/S ratio of <1 in lead V6 in the LV anterolateral region and a
QRS duration of >160 ms, and qR or R waves in lead V1 (as compared with an rsR’ for fascicu-
lar VTs) in the LV posteroseptal region may be the only reliable predictors for differentiating
PAM VAs from LV fascicular VAs [21].
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Figure 16. Representative 12-lead electrocardiograms of the premature ventricular contractions originating from the
posterolateral (a), anterior (b), and anteroseptal (c) aspects of the tricuspid annulus. The arrows indicate “notching” of
the late phase of the QRS complex in the limb leads. This figure was cited from Ref. [10] with permission.

IVAs arising from the MB exhibit a distinctive ECG morphology, LBBB and left superior
axis QRS morphology, a sharp downstroke of the QRS in the precordial leads, and a rela-
tively narrow QRS duration (Figure 4) [23]. MB VAs not only have a late precordial transition
pattern, typically after lead V4, but also the transition is always later than that of the sinus
QRS. Among the idiopathic RV VAs, a late precordial transition and a superiorly directed
nature are helpful for distinguishing MB VAs from VAs originating from the RV base or sep-
tum [23]. The ECG characteristics of the IVAs originating from the infundibular muscles are
similar to those of IVAs originating from the RVOT and the anterior to anteroseptal aspect of
the TA [24, 25]. However, the precordial transition is relatively early, and a slow onset of the
QRS complex is often observed.

IVAs arising from the crux of the heart exhibit a left superior axis QRS morphology with
deeply negative deltoid waves (QS pattern) in the inferior leads and an early precordial tran-
sition (a prominent R wave in lead V2), which may be associated with a polarity reversal
between leads V1 and V2 (Figure 6) [30]. It is noted that crux VAs often exhibit a QS or a large
S wave in lead V6 although they arise from the LV base. This is likely because the activation
from the crux VA origins first conducts to the ventricular apex where it enters the Purkinje
system and then propagates throughout the ventricles. The common ECG characteristics of
LV summit VAs are a right inferior axis QRS morphology, a wider QRS, and a larger MDI than
the other idiopathic LVOT VAs [31]. The MDI [34] of these epicardial IVAs is usually >0.55.
The AMC and LV summit face each other with the superior end of the LV muscle between
them, which is attached to the LCC. Because of the anatomical proximity, the presence of
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preferential conduction, and the presence of intramural VA origins, it is challenging to predict
where LVOT VAs can be ablated among those three sites by an ECG algorithm [28, 29].

4, Treatment of IVAs

Treatment of IVAs should be tailored according to the presentation type of VAs, PVCs, or
VTs, and the patient characteristics (Figure 17) [4, 5]. When SHD is absent, the most common
indication for treating PVCs remains the presence of symptoms. The severity of the symp-
toms from PVCs is not closely related to the frequency of PVCs. Even when the PVCs are
infrequent, some patients are very symptomatic. When PVCs are not frequent, the physician
has to explain and reassure that there is a benign nature of idiopathic PVCs. It is a common
experience that symptoms from PVCs can improve without any treatment in most patients
with infrequent PVCs. Exercise stress testing should be considered to determine whether
PVCs are potentiated or suppressed by exercise, to assess whether longer duration VAs are
provoked especially when symptoms are associated with exercise. PVCs that worsen with
exercise should prompt further investigation as these patients are more likely to require treat-
ment. Frequent asymptomatic PVCs may have to be treated if PVC-induced cardiomyopathy
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Figure 17.Schema exhibiting the management of premature ventricular contractions (PVCs). (a) Absence of a
high-scar burden suggests reversibility; (b) medical therapy + implantable cardioverter-defibrillator. CRT, cardiac
resynchronization therapy; LV, left ventricular; MRI-DE, magnetic resonance imaging with delayed enhancement; PE,
physical examination; Rx, therapy; SHD, structural heart disease; VAs, ventricular arrhythmias. This figure was cited
from Ref. [5] with permission.
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is present. When a PVC burden is greater than 10% (approximately 10,000 PVCs/24 h), the risk
of PVC-induced cardiomyopathy is significant. Therefore, such high-burdened PVCs have to
be treated when they are symptomatic. When they are asymptomatic, a close follow-up with
repeat echocardiography and Holter monitoring should be considered to detect any occur-
rence of PVC-induced cardiomyopathy. In patients with fewer PVCs, further investigation
is only necessary should the symptoms increase. For patients without SHD and mild symp-
toms, education of the benign nature of this arrhythmia and reassurance should be consid-
ered as the first step in the treatment of patients with PVCs. For patients whose symptoms
are not effectively managed in this manner, beta-blockers or non-dihydropyridine calcium
antagonists may be attempted although the efficacy of these agents is quite limited with only
10-15% of patients achieving a 90% PVC suppression, similar to placebo [4, 5]. It should also
be recognized that these agents may themselves produce significant side effects rather than
relieve the PVC symptoms. Membrane-active anti-arrthythmic drugs (AADs) are more effec-
tive for suppressing PVCs and can be attempted when beta-blockers or non-dihydropyridine
calcium antagonists are not effective. Because these agents may increase the risk of mortal-
ity in patients with significant SHD, perhaps with the exception of amiodarone, caution is
advised before using them for PVC suppression.

When idiopathic PVCs are refractory to medication or patients cannot tolerate medication,
catheter ablation can be a next option for their treatment. Randomized trials of PVC sup-
pression with catheter ablation have not been performed. However, multiple studies have
revealed that catheter ablation is highly successful with PVC elimination in 74-100% of highly
symptomatic patients with a very high PVC burden [4, 5]. Procedural success may be depen-
dent on the site of the VA origin with a lower efficacy reported for IVAs with epicardial foci
and anatomical challenges than for other IVAs [1-5]. Although complete PVC elimination is
the goal of ablation, partial success with a significant reduction in the PVC burden may still
be associated with significant improvement in the symptoms as well as LV systolic function.
Catheter ablation of IVAs may be less successful when multiple morphologies of PVCs pres-
ent or the clinical PVC morphology cannot be induced at the time of the procedure [1-5].
The published complication rates of catheter ablation for PVC suppression are generally low
(<1%) [1-5]. According to the current recommendations of the experts’ consensus, catheter
ablation of PVCs may be considered for highly selected patients who remain very symptom-
atic despite conservative treatment or for those with high PVC burdens associated with a
decline in the LV systolic function [4, 5].

Idiopathic VTs are basically monomorphic and hemodynamically stable. When SHD is
absent, sustained idiopathic VTs are generally associated with an excellent prognosis [1, 4, 5].
Idiopathic VTs rarely can have a malignant clinical course, usually with a very rapid rate or a
short initiating coupling interval [1, 4, 5]. Idiopathic non-sustained VTs (NSVTs) usually pres-
ent with frequent PVCs with the same QRS morphology, and most of them originate from the
RVOT or LVOT. These arrhythmias only require treatment if they are symptomatic, incessant,
or produce LV dysfunction. The treatment of these VTs is either medical with beta-blockers,
non-hydropyridine calcium blockers, or class IC drugs, or catheter ablation with a high suc-
cess rate and low risk of complications [1, 4, 5]. Non-sustained and sustained VTs with a
focal mechanism likely based on abnormal automaticity may also occur from the papillary
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muscles and respond to beta-blockers or catheter ablation with a relatively low success rate
[4, 5, 18-21]. Reentrant LV fascicular VTs usually present as a sustained form and can be
acutely treated with intravenous verapamil or mexiletine. Oral therapy with these medicines
can be used to prevent recurrence of those VTs, although the recurrence risk may be relatively
high [4, 5, 26, 27]. Catheter ablation can be recommended when idiopathic VTs are highly
symptomatic and drug-refractory, especially if they are exercise-induced [1, 4, 5].

Catheter ablation of IVAs is usually safe and highly successful, but sometimes can be chal-
lenging because of the anatomical obstacles such as close proximity to the coronary arteries
and AV conduction system, epicardial fat pads, intramural and epicardial origins, and thick
muscle bands. Understanding the relevant anatomy is helpful for achieving a safe and suc-
cessful catheter ablation of IVAs.

5. Conclusions

The sites of IVA origins have been increasingly recognized for the past two decades. IVAs
usually originate from specific anatomical structures, commonly endocardial but sometimes
epicardial, and exhibit characteristic ECGs based on their anatomical background. IVAs are
basically benign, but they require medical treatment or catheter ablation when IVAs are symp-
tomatic, incessant, or produce LV dysfunction.
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Abstract

Primary prevention of ventricular fibrillation is at the heart of the management of
Brugada syndrome. Several recent studies have shown that the analysis of simple electro-
cardiographic criteria could help to stratify the risk of sudden death. In the present work,
12 markers were studied: spontaneous and permanent type 1 pattern, first-degree atrio-
ventricular block, sinus node dysfunction, wide QRS in V2, aVR sign, fragmented QRS,
S-waves in DI, early repolarization pattern, atrial fibrillation, type 1 in peripheral leads
pattern, and long Tpeak-Tend interval. These electrical markers reflect abnormalities in
conduction, depolarization, and repolarization that may indicate the severity of the dis-
ease. In this chapter, we carry out a review of these markers, their method of determina-
tion on the surface ECG, and the main studies highlighting their prognostic impact. We
also review the main underlying pathophysiological hypotheses of Brugada syndrome.

Keywords: Brugada syndrome, Brugada type 1, primary prevention, risk stratification,
ECG markers, ventricular fibrillation, sudden death

1. Introduction

Brugada syndrome is presumed to be a channelopathy causing sudden death by ventricular
fibrillation. The diagnosis is based exclusively on the analysis of the surface electrocardiogram.

Today, the challenge is to improve the primary prevention of sudden death. There is a very
large heterogeneity of ventricular fibrillation risk among patients and there is no reliable
marker to assess this risk.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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Beyond the diagnosis based on an accurate analysis of right precordial leads, the ECG pheno-
type of patients with Brugada syndrome is not unique. Many recent studies have shown that

several electrocardiographic markers may indicate a more severe disease with an increased
risk of sudden death.

A simple electrocardiographic approach to the risk of sudden death in Brugada syndrome
may be worthwhile at a time when risk stratification is being questioned.

In this chapter, we propose to review the main ECG markers and the pathophysiological
hypotheses underlying them.

2. Positive and differential diagnoses

2.1. Definition of Brugada type 1 pattern

The diagnosis of Brugada type 1 pattern is based exclusively on the analysis of the electro-
cardiogram. The panel of experts who elaborated the 2015 ESC recommendations on sudden
death prevention [1] has reached a consensus on the diagnosis criteria.

Type 1 pattern is defined by a coved ST segment elevation with a rise of the J-point 22 mm in
at least one derivation between V1 and V2 on a resting surface electrocardiogram (Figure 1).

It is often accepted [2] that the T waves must be negative in the same lead(s), although this
criterion is not included in the guidelines.
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Figure 1. Brugada type 1 pattern.
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Several methods can help in case of borderline aspects.

First, refitting the electrodes to the second or third intercostal spaces can reveal a type 1 pat-
tern. Secondly, when type 1 pattern is not spontaneous but it remains a clinical suspicion of
Brugada syndrome (e.g., ventricular fibrillation on an apparently healthy heart, unexplained
syncope, family history of Brugada syndrome) or an electrocardiographic suspicion (Brugada
types 2 and 3 patterns), it is possible to carry out a pharmacological challenge by blocker of
the sodium channels to unmask a type 1 pattern [1]. This pharmacological challenge must be
carried out in a specialized cardiological environment under strict supervision. Febrile epi-
sodes can also unmask a type 1 pattern and increase the risk of ventricular fibrillation.

Around 40% of Brugada syndrome cases are familial forms, thus linked to genetic muta-
tions [3]. With 20-30% of familial forms, mutations of the SCN5A gene are the most com-
mon mutations identified. SCN5A gene encodes the cardiac voltage-gated sodium channel
(Navl.5). These proteins ensure the rapid sodium upstroke, resulting in cellular depo-
larization [4, 5]. Studies of mutations linked to the development of Brugada syndrome
revealed loss of Nav1.5 function, thus indicating a decreased amount of sodium going
through the cardiomyocyte membrane. The loss of function appears to be shared by all
SCN5A mutations but the molecular underlying mechanism can slightly vary from a traf-
ficking defect to alterations in the biophysical properties. While this does not affect the
final result, this is an important characteristic that could in the future determine the appro-
priate pharmacology.

The loss of sodium channel function is expected to cause an imbalance between depolarizing
and hyperpolarizing currents in cardiomyocytes. Furthermore, as shown in the next sections,
epicardium and endocardium present different levels of repolarizing currents such as Ito cur-
rents. This difference would increase the depolarizing/hyperpolarizing imbalance underlying
the ST elevation and promote an arrhythmogenic substrate.

The rational to the use of Nav blockers to unmask Brugada ECG phenotypes is thus notably
supported by the high occurrence of SNC5A mutations. Consequently, in case of SCN5A
mutation, the use of a Nav blocker will rapidly unmask the phenotype. In case where a
SCN5A mutation is not involved, larger doses of Nav blocker could mimic a SCN5A muta-
tion and thus reveal the phenotype.

The old types 2 and 3, with saddle-back ST segment elevation, no longer allow to make the
diagnosis.

The diagnosis of Brugada syndrome remains context-dependent, as illustrated in the next
section.

2.2. Phenocopies

A number of pathological conditions can mimic a Brugada type 1 pattern on the electrocardio-
gram. The works of Baranchuk and Anselm has improved knowledge in this area [6]. These
observations are rare and no large series has allowed studying it yet.

Several clinical cases highlight many underlying conditions. Type 1 Brugada phenocopies
have been observed in various cardiac diseases (myocardial ischemia such inferior infarction
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with right ventricle extension or anterior infarction [7-9], Tako-Tsubo cardiomyopathy [10],
cardiac tumors [11], Chagas disease [12]), in pulmonary and mediastinal diseases (acute
pulmonary embolism [13], pneumothorax [14], mediastinal tumors [15]), in metabolic and
hydroelectrolytic disorders (hypokalemia [16, 17], hyperkalemia [18], hyponatremia [19],
hypophosphatemia [20], keto-acidosis [21]), in intoxications (heroin and ethanol overdose
[22], propofol [23], propafenone [24], yellow phosphorus [25], lamotrigine [26], phosphine
[27]), and various diseases such intracranial hemorrhages [28], hypothermia [29], and elec-
trocution [30]. Pectus excavatum can also mimic a type 1 pattern [31].

According to Baranchuk and Anselm [6], the diagnosis of phenocopy is based on the context,
on the normalization of the ECG with the resolution of the cause, and on the negativity of the
pharmacological challenge.

The prognostic impact of phenocopies is poorly documented.

3. Electrocardiographic risk markers

3.1. Type 1 pattern
3.1.1. Spontaneous type 1 pattern

The spontaneous nature of the ECG type 1 pattern (contrary to the drug-induced type 1)
seems to indicate an increased risk of ventricular fibrillation. This was demonstrated in
2005 by Eckardt et al. [32] and has since been found in several large studies, particularly
in the FINGER cohort [33] involving 1029 patients, where a spontaneous type 1 pattern
was predictive of a greater risk of sudden death with a hazard ratio (HR) of 1.8 (CI 1.03-
3.33, p=0.04).

A study by Cerrato et al. [34] has shown that the use of the 24-h holter ECG monitoring
can help with spontaneous type 1 diagnosis, which is more common during the sleep.
This method could be an alternative to avoid the risks related to the pharmacological
challenge.

3.1.2. Duration of type 1 pattern expression

Similarly, Extramiana et al. [35] showed by holter ECG monitoring that permanent
type 1 expression was associated with an increased risk of syncope and/or ventricular
fibrillation.

The 24 or 48 h-holter ECG monitoring could therefore be an interesting tool in the stratifica-
tion of patients’ risk.

Two opposed theories [36] can explain the electrocardiographic and rhythmic abnormalities
observed in the Brugada syndrome: a so-called depolarization theory and a so-called repolar-
ization theory. The abnormalities of depolarization and repolarization explain a number of
ECG changes that may indicate a poor prognosis.
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3.2. Depolarization and conduction disorders
3.2.1. Supraventricular level
3.2.1.1. Sinus node dysfunction

The sinus node dysfunction (Figure 2) frequently observed in Brugada syndrome is the con-
junction of two phenomena secondary to the reduction of sodium current: an alteration of
sinus tissue function and a sino-atrial functional block [37]. Sinus node dysfunction is more
frequent in case of mutation on the SCN5A gene [38].

A study conducted on 400 patients by Siera et al. [39] showed that sinus dysfunction was a
predictor of ventricular fibrillation risk. The same observation was also made on a cohort of
children [40] and a cohort of women [41] with Brugada syndrome (Table 1).

3.2.1.2. First degree atrioventricular block

Maury et al. [42] showed in a study of 325 patients with Brugada type 1 that the presence of
first-degree atrioventricular block (Figure 3) was significantly associated in multivariate analy-
sis with increasing risk of ventricular fibrillation (OR 2.41, 95% CI 1.01-5.73, p = 0.046) (Table 2).

Figure 2. Sinus pause in a 54-year-old woman with Brugada type 1 syndrome and recurrence of syncopes.

¢ clinical-electrical criterion with correlation between symptoms (faintness, syncope) and a documented event
among sinus bradycardia, sinus arrest, sick sinus syndrome, and chronotropic incompetence;

¢ A Holter ECG was practiced in case of doubt to correlate electrical events and symptoms; and

¢ electrophysiological exploration of the sinus node was also performed.

Table 1. Criteria of sinus node dysfunction in Sieira et al. study [41].
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Figure 3. First-degree AVB in a woman with Brugada type 1 pattern.

In addition, Smits et al. [38] demonstrated that atrioventricular conduction abnormalities
were significantly increased in the case of SCN5A gene mutation. A PR interval > 210 ms
would be a good predictor of a mutation in the SCN5A gene in Brugada syndrome. Previous
observations [43, 44] have shown that sodium channels genes mutations are also implicated
in conduction disturbances in Lev/Lenegre disease.

3.2.2. Ventricular level
3.2.2.1. Pathophysiology

Cardiac imaging tests (transthoracic echocardiography, angiography, MRI) are usually nor-
mal in Brugada syndrome, so it was long believed that this pathology did not lead to heart
structural abnormalities. Several recent studies question this dogma.

PR interval > 200 ms

Table 2. First-degree atrioventricular block criterion in Maury et al. study [42].
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Functional studies using surface ECG mapping [45], tissular Doppler imaging [46], and endo-
and epicardial electrophysiology [47, 48] show that there is an abnormally long conduction
delay in the epicardium of the right ventricular outflow tract. This conduction delay is some-
times accompanied by late ventricular potentials [48].

Several factors may explain these abnormalities of conduction. On the one hand, the
decrease of the incoming sodium current reduces the intramyocardial conduction veloc-
ity [49], while on the other hand, histological and histochemical studies [50, 51] reveal
the abnormally large presence of fibrosis deposits in the epicardium of the right ventri-
cle outflow tract, these deposits are accompanied locally by a reduction in expression of
gap-junctions. An experimental model in the mouse showed that these two abnormalities
could be the consequence of the decrease of SCN5A gene expression [52].

The shift created between the depolarization (and thereby, secondarily, the repolarization)
of the right ventricular outflow tract and the other segments of the ventricles could thus
explain the ST segment elevation and the negativity of the T waves [36].

Several studies show that the importance of these conduction abnormalities is highly variable
between patients with Brugada syndrome and is correlated with the risk of ventricular fibril-
lation [53].

These findings are supported by several interventional studies highlighting the lower recur-
rence of ventricular rhythmic events after radiofrequency ablation in the right ventricular
outflow tract [54].

It is therefore important to estimate the importance of impairment of right ventricular con-
duction in patients to determine their level of risk of sudden death. Several ECG markers can
help with a non-invasive evaluation.

f\/a;ﬁ,w*v P\ A

Figure 4. Wide QRS in lead V2 in a patient with a Brugada type 1 pattern.

In lead V2, width of QRS > 120 ms

Table 3. Wide QRS criterion on Ohkubo et al. study [55].
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3.2.2.2. Wide QRS in lead V2

Wide QRS in lead V2 (Figure 4) is the most obvious marker of alteration of right ventricular
conduction. The widening of the QRS in V2 classically demonstrates a slowdown of conduc-
tion in the right ventricle.

Ohkubo et al. [55] found, in a cohort of 35 patients with Brugada syndrome, a significant asso-
ciation between wide QRS in lead V2 and ventricular fibrillation and/or syncope (Table 3).

3.2.2.3. S-waves in lead DI

Based on the assumption that S-waves in lead DI are the translation of the third vector result-
ing from the depolarization of right ventricular outflow tract and the basal parts of the two
ventricles, Calo et al. [56] demonstrated an electroanatomical correlation between the epicar-
dial activation time of the right ventricular outflow tract and the importance of S-waves in DI.

The same team has shown in a multicentric study [56] of 347 patients with spontaneous type 1,
that significant S-waves in lead DI (Figure 5) represent a strong marker of risk of sudden
death, with a sensitivity of 90.6% and a specificity of 62.2% for the depth of the waves and a
sensitivity of 96.9% and a specificity of 61.1% for the duration of the waves (Table 4).

The right ventricular outflow tract is notably the last structure responsible to eject the blood
to the pulmonary artery. This is notably ensured by a delay in action potentials. While such
delay constitutes a physiological need, it also creates a first-degree heterogeneity between
this specific structure and the right ventricle. In the background of a SCN5A mutation, such
heterogeneity would be even more pronounced, making the right ventricular outflow tract a
pro-arrhythmogenic area.

3.2.2.4. The aVR sign

The positivity of the QRS complexes in lead aVR (Figure 6) may reflect a right ventricular
conduction delay responsible for a right axial deviation of the QRS.

Babai Bigi et al. [57] found in a prospective cohort of 24 patients with a Brugada type 1 pattern
a significant association between the presence of significant R-waves in aVR and the risk of
syncope and/or ventricular fibrillation (Table 5).

Figure 5. Significant S-waves in lead DL

In lead DI, S-waves with a depth of at least 0.1 mV and/or a width of at least 40 ms

Table 4. Criteria of S-waves in Calo et al. study [56].
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Figure 6. aVR sign.

In lead aVR, R-wave 20.3 mV and/or R/q ratio > 0.75

Table 5. Criterion of aVR sign in Babai Bigi et al. study [57].

3.2.2.5. Fragmented QRS

Fragmented QRS (Figure 7) were first described in ischemic cardiomyopathies [58], where
they are a sign of significant fibrotic scars and lead to a risk of malignant ventricular arrhyth-
mias by macro-reentry. They could also testify of the importance of right ventricular fibrosis
in Brugada syndrome. Morita et al. [49] also showed the existence of a dynamic part to this
pattern, varying according to the conditions of conduction.

The same team showed [49], with a cohort of 115 patients with Brugada syndrome, that frag-
ment QRS were significantly more frequent in the ventricular fibrillation group (Table 6).
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Figure 7. Fragmented QRS in a patient with a Brugada type 1 pattern.
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e Inleads V1, V2, and V3: >4 spikes in a derivation and/or 28 spikes in these 3 leads

® The filters must be kept to a minimum so that they do not erase the spikes, especially with a high frequency cut-
off (around 150 Hz). This explains why fragmented QRS are often missing on standard ECG.

Table 6. Criteria of fragmented QRS in Morita et al. study [49].

3.3. Repolarization disorders
3.3.1. Pathophysiology

The repolarization theory was mainly developed in the works of Antzelevitch [59-61].

The right ventricular outflow tract epicardial cells hold more I | potassium channels than other
myocardial cells. In the Brugada syndrome, the reduction of the sodium current accentuates locally
in the right ventricular outflow tract the shortening duration of the action potentials induced by the
important activity of the I channels. A voltage gradient is thus created between the endocardium
and the epicardium, resulting in the dome-shaped ST elevation observed on the ECG. Brugada
syndrome thus carries a risk of ventricular fibrillation by Phase 2 reentry mechanism.

This theory is usually opposed to the theory of conduction described earlier [62].

3.3.2. Tpeak-Tend interval, QT

The three types of ventricular myocardial cells have different repolarization durations [61].
The epicardial cells are the most rapidly repolarized, then the endocardial cells, and finally the
M-cells. Thus, the peak of the T waves corresponds with the moment when the epicardial
cells are completely repolarized and the end of the T waves coincides with the end of the
repolarization of the M-cells. Therefore, the Tp-e, corresponding with the interval between
the vertex and the end of the T waves, is considered by many authors [63] as proportional to
the importance of the transmural dispersion of repolarization in the ventricular myocardium.
A wide dispersion of repolarization increases myocardial vulnerability and therefore the risk
of arrhythmia. An elongated Tp-e would thus translate into a high risk of sudden death by
ventricular arrhythmia.

Maury et al. [64] showed in 2015 with a large retrospective cohort of 325 patients, that a maximum
Tp-e in precordial leads greater than or equal to 100 ms was significantly and independently asso-
ciated with an increased risk of ventricular fibrillation in Brugada syndrome (Table 7).

Similarly, a study by Castro Hevia et al. [65] highlighted a correlation between a Tpeak-
Tend dispersion (difference between Tpeak-Tend maximum and minimum in precordial
shunt) > 20 ms and a risk of ventricular fibrillation.

QT interval prolongation may also means a worse prognosis in Brugada syndrome [65].
3.3.3. Early repolarization

Haissaguerre et al. [66] have recently individualized the early repolarization syndrome,
which associates an early repolarization pattern (Figure 8) with malignant ventricular
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Maximum Tpeak-Tend adjusted to heart rate among leads V1-V4 > 100 ms
Tpeak-Tend measurement method:
* From lead V1 to lead V4

* Measurement of the interval between the peak of the T wave and the tangent between the downward slope of
the T wave and the isoelectric line

* Average of three consecutive complexes by derivation

* Correction of the heart rate according to the Bazett method (Tp-e corrected = Tp-e/YRR)

Table 7. Criteria of prolonged maximum Tpeak-Tend interval in Maury et al. study [64].

arrhythmia. Antzelevitch and Yan [67] have shown that the pathophysiology of this syn-
drome is close to the repolarization theory of Brugada syndrome: a large repolarization
heterogeneity in the left ventricle could lead to a risk of ventricular fibrillation by Phase 2
reentry. The association of both syndromes would result in repolarization heterogeneity in
both the right ventricle and the inferior lateral parts of the left ventricle with a high risk of
ventricular fibrillation [67, 68].

Kawata et al. [68] showed, in a cohort of 49 patients with Brugada type 1 syndrome and a
history of ventricular fibrillation, that the presence of a permanent early repolarization pat-
tern (HR 4.88, 95% CI 2.02-12.7) or intermittent (HR 2.50, 95% CI 1.03-6.43) was significantly
(p =0.043) associated with a higher risk of recurrence of a fatal rhythmic event (Table 8).

3.4. Other electrocardiographic markers

3.4.1. Atrial fibrillation

Calo et al. [56] showed through a multivariate analysis of 347 patients that the occurrence of
atrial fibrillation (Figure 9) episodes in Brugada type 1 patients was a significant and indepen-
dent risk marker for ventricular fibrillation.

Figure 8. Early repolarization pattern (notching).
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J-point elevation at least 1 mm in at least two inferior or lateral leads (either notching or slurring pattern)

Table 8. Early repolarization criteria in Kawata et al. study [68].

In at least one peripheral derivation (aVR included):
¢ coved ST segment elevation with J-point rise >2 mm

¢ and negative T waves in the same derivation.

Table 9. Criteria of type 1 in peripheral lead pattern in Rollin et al. study [69].
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Figure 10. Type 1 pattern in peripheral lead (aVR).

3.4.2. Type 1 in peripheral leads

In a study by Rollin et al. [69] conducted on 323 patients, a type 1 pattern in peripheral
leads (Figure 10) appears to be an independent marker of high risk of ventricular fibrilla-
tion (Table 9). In total, 27% of patients with type 1 in peripheral leads showed malignant
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ventricular arrhythmia, compared to 6% for other patients. The multivariate analysis con-
firms a strong correlation (OR 4.58, 95% CI 1.7-12.32, p = 0.025).

The pathophysiological significance of this aspect still needs to be clarified.

4, Conclusion

The surface electrocardiogram is the key examination in Brugada syndrome. It is currently
the only means to allow diagnosis and it could help stratification of the ventricular fibrillation
risk. In the last few years, numerous publications highlighted several electrocardiographic
markers testifying to a more severe disease and a potentially unfavorable prognosis. These
markers also contributed to the improvement of knowledge of the physiopathology of this
syndrome. However, studies are still needed to determine their use in daily practice.

Author details

Antoine Deliniere, Francis Bessiere, Adrien Moreau, Alexandre Janin, Gilles Millat and
Philippe Chevalier*

*Address all correspondence to: philippe.chevalier@chu-lyon.fr

Hopital Louis Pradel, Lyon, France

References

[1] Priori SG, Blomstrém-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, Camm J, et al.
2015 ESC Guidelines for the management of patients with ventricular arrhythmias and
the prevention of sudden cardiac death The Task Force for the Management of Patients
with Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death of the
European Society of Cardiology (ESC) Endorsed by: Association for European Paediatric
and Congenital Cardiology (AEPC). European Heart Journal. 2015;36(41):2793-2867

[2] Sieira ], Brugada P. The definition of the Brugada syndrome. European Heart Journal.
2017;38(40):3029-3034

[3] Watanabe H, Minamino T. Genetics of Brugada syndrome. Journal of Human Genetics.
2016;61(1):57-60

[4] Amin AS, Tan HL, Wilde AAM. Cardiac ion channels in health and disease. Heart
Rhythm. 2010;7(1):117-126

[5] RuanY, Liu N, Priori SG. Sodium channel mutations and arrhythmias. Nature Reviews.
Cardiology. 2009;6(5):337-348

[6] Anselm DD, Evans JM, Baranchuk A. Brugada phenocopy: A new electrocardiogram
phenomenon. World Journal of Cardiology. 2014;6(3):81-86

115



116  Cardiac Arrhythmias

[7]

8]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

Agrawal S, Stevens S, Shirani ], Garg ], Nanda S. Ischemia-induced Brugada phenocopy.
Journal of Electrocardiology. 2015;48(5):815-817

Gottschalk BH, Anselm DD, Baranchuk A. Coronary anomalies resulting in ischemia
induced Brugada Phenocopy. International Journal of Cardiology. 2015;199:75-76

Ferrando-Castagnetto F, Garibaldi-Remunan A, Vignolo G, Ricca-Mallada R, Baranchuk
A. Brugada phenocopy as a dynamic electrocardiographic pattern during acute ante-
rior myocardial infarction. Annals of Noninvasive Electrocardiology: The Official
Journal of the International Society for Holter and Noninvasive Electrocardiology, Inc.
2016,21(4):425-428

Kirbas O, Ozeke O, Karabulut O, Unal S, Sen F, Cagli K, et al. Warm-up Brugada phe-
nocopy associated with takotsubo cardiomyopathy. American Journal of Emergency
Medicine. 2016;34(10):2051.e1-2051.e3

Nguyen T, Smythe ], Baranchuk A. Rhabdomyoma of the interventricular septum pre-
senting as a Brugada phenocopy. Cardiology in the Young. 2011;21(5):591-594

ArceM, Riera ARP, Femenia F, Baranchuk A. Brugada electrocardiographic phenocopy in
a patient with chronic Chagasic cardiomyopathy. Cardiology Journal. 2010;17(5):525-527

Zhan Z-Q, Wang C-Q, Nikus KC, Pérez-Riera AR, Baranchuk A. Brugada phenocopy in
acute pulmonary embolism. International Journal of Cardiology. 2014;177(3):e153-e155

Barcos JC, Tello IS, Monié CC, Fernandez MR, Humphreys JD. Brugada phenocopy
induced by severe pneumothorax. Journal of Electrocardiology. 2018;51(2):343-345

Tarin N, Farré ], Rubio JM, Tufién J, Castro-Dorticos J. Brugada-like electrocardiographic
pattern in a patient with a mediastinal tumor. Pacing and Clinical Electrophysiology.
1999;22(8):1264-1266

Genaro NR, Anselm DD, Cervino N, Estevez AO, Perona C, Villamil AM, et al. Brugada
phenocopy clinical reproducibility demonstrated by recurrent hypokalemia. Annals
of Noninvasive Electrocardiology: The Official Journal of the International Society for
Holter and Noninvasive Electrocardiology, Inc. 2014;19(4):387-390

Anselm DD, Genaro NR, Baranchuk A. Possible brugada phenocopy induced by hypoka-
lemia in a patient with congenital hypokalemic periodic paralysis. Arquivos Brasileiros
de Cardiologia. 2014;102(1):104

Abu Shama R, Bayes de Luna A, Baranchuk A. Tachycardia-dependent Brugada phe-
nocopy due to hyperkalemia. Journal of Cardiovascular Electrophysiology. 2017;
28(9):1084-1085

Agrawal Y, Aggarwal S, Kalavakunta JK, Gupta V. All that looks like “Brugada” is not
“Brugada”: Case series of Brugada phenocopy caused by hyponatremia. Journal of the
Saudi Heart Association. 2016;28(4):274-277

Meloche ], Gottschalk BH, Boles U, LaHaye S, Baranchuk A. Hypophosphatemia as a
novel etiology of Brugada Phenocopy. International Journal of Cardiology. 2016;208:70-71



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

Brugada Type 1 Pattern and Risk Stratification for Sudden Death: Does the Key Hide in the ECG...
http://dx.doi.org/10.5772/intechopen.75488

Alanzalon RE, Burris JR, Vinocur JM. Brugada phenocopy associated with diabetic keto-
acidosis in two pediatric patients. Journal of Electrocardiology. 2018 Mar 1;51(2):323-326

Rambod M, Elhanafi S, Mukherjee D. Brugada phenocopy in concomitant ethanol and
heroin overdose. Annals of Noninvasive Electrocardiology: The Official Journal of the
International Society for Holter and Noninvasive Electrocardiology, Inc. 2015;20(1):87-90

Riera ARP, Uchida AH, Schapachnik E, Dubner S, Filho CF, Ferreira C. Propofol infu-
sion syndrome and Brugada syndrome electrocardiographic phenocopy. Cardiology
Journal. 2010;17(2):130-135

Ar ME, Ekici F. Brugada-phenocopy induced by propafenone overdose and successful
treatment: A case report. Balkan Medical Journal. 2017;34(5):473-475

Dharanipradab M, Viswanathan S, Kumar GR, Krishnamurthy V, Stanley DD. Yellow
phosphorus-induced Brugada phenocopy. Journal of Electrocardiology. 2018;51(1):
129-131

Rodrigues R, Amador P, Rassi L, Seixo F, Parreira L, Fonseca N, et al. Brugada pat-
tern in a patient medicated with lamotrigine. Revista Portuguesa de Cardiologia: Orgao
Oficial da Sociedade Portuguesa de Cardiologia = Portuguese Journal of Cardiology: An
Official Journal of the Portuguese Society of Cardiology. 2013;32(10):807-810

Gottschalk BH, Anselm DD, Baranchuk A. Phosphine poisoning is emerging as an
important cause of Brugada Phenocopy. Pacing and Clinical Electrophysiology. 2016;
39(2):202-203

Labadet C, Gottschalk BH, Rivero M, Hadid C, Fuselli ], Anselm DD, et al. Brugada phe-
nocopy in the context of intracranial hemorrhage. International Journal of Cardiology.
2014;177(3):e156-e157

Gottschalk B, Anselm DD, Baranchuk A. Suspected Brugada phenocopy in the context of
hypothermia. Acta Cardiologica. 2014;69(4):454-455

Wang ]G, McIntyre WF, Kong W, Baranchuk A. Electrocution-induced Brugada pheno-
copy. International Journal of Cardiology. 2012;160(3):e35-e37

Awad SFM, Barbosa-Barros R, Belem L de S, Cavalcante CP, Riera ARP, Garcia-Niebla
J, et al. Brugada phenocopy in a patient with pectus excavatum: Systematic review of
the ECG manifestations associated with pectus excavatum. Annals of Noninvasive
Electrocardiology: The Official Journal of the International Society for Holter and
Noninvasive Electrocardiology, Inc. 2013;18(5):415-20

Eckardt L, Probst V, Smits JPP, Bahr ES, Wolpert C, Schimpf R, et al. Long-term prog-
nosis of individuals with right precordial ST-segment-elevation Brugada syndrome.
Circulation. 2005;111(3):257-263

Probst V, Veltmann C, Eckardt L, Meregalli PG, Gaita F, Tan HL, et al. Long-term prog-
nosis of patients diagnosed with Brugada syndrome: Results from the FINGER Brugada
Syndrome Registry. Circulation. 2010;121(5):635-643

117



118 Cardiac Arrhythmias

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Cerrato N, Giustetto C, Gribaudo E, Richiardi E, Barbonaglia L, Scrocco C, et al. Prevalence
of type 1 brugada electrocardiographic pattern evaluated by twelve-lead twenty-four-
hour holter monitoring. The American Journal of Cardiology. 2015;115(1):52-56

Extramiana F, Maison-Blanche P, Badilini F, Messali A, Denjoy I, Leenhardt A. Type 1
electrocardiographic burden is increased in symptomatic patients with Brugada syn-
drome. Journal of Electrocardiology. 2010;43(5):408-414

Meregalli PG, Wilde AAM, Tan HL. Pathophysiological mechanisms of Brugada syndrome:
Depolarization disorder, repolarization disorder, or more? Cardiovascular Research.
2005;67(3):367-378

Morita H, Fukushima-Kusano K, Nagase S, Miyaji K, Hiramatsu S, Banba K, et al. Sinus
node function in patients with Brugada-type ECG. Circulation Journal is the official jour-
nal of the Japanese Circulation Society. 2004;68(5):473-476

Smits JPP, Eckardt L, Probst V, Bezzina CR, Schott JJ, Remme CA, et al. Genotype-
phenotype relationship in Brugada syndrome: Electrocardiographic features differenti-
ate SCN5A-related patients from non-SCN5A-related patients. Journal of the American
College of Cardiology. 2002;40(2):350-356

Sieira J, Conte G, Ciconte G, Chierchia G-B, Casado-Arroyo R, Baltogiannis G, et al. A
score model to predict risk of events in patients with Brugada Syndrome. European
Heart Journal. 2017;38(22):1756-1763

Gonzalez Corcia MC, Sieira J, Pappaert G, de Asmundis C, Chierchia GB, Sarkozy A,
et al. A clinical score model to predict lethal events in young patients (<19 years) with the
Brugada syndrome. The American Journal of Cardiology. 2017;120(5):797-802

Sieira ], Conte G, Ciconte G, de Asmundis C, Chierchia G-B, Baltogiannis G, et al.
Clinical characterisation and long-term prognosis of women with Brugada syndrome.
Heart (British Cardiac Society). 2016;102(6):452-458

Maury P, Rollin A, Sacher F, Gourraud ]-B, Raczka F, Pasquié J-L, et al. Prevalence and
prognostic role of various conduction disturbances in patients with the Brugada syn-
drome. The American Journal of Cardiology. 2013;112(9):1384-1389

Schott JJ, Alshinawi C, Kyndt F, Probst V, Hoorntje TM, Hulsbeek M, et al. Cardiac con-
duction defects associate with mutations in SCN5A. Nature Genetics. 1999;23(1):20-21

Tan HL, Bink-Boelkens MT, Bezzina CR, Viswanathan PC, Beaufort-Krol GC, van
Tintelen PJ, et al. A sodium-channel mutation causes isolated cardiac conduction dis-
ease. Nature. 2001;409(6823):1043-1047

Postema PG, van Dessel PFHM, de Bakker JMT, Dekker LRC, Linnenbank AC, Hoog-
endijk MG, et al. Slow and discontinuous conduction conspire in Brugada syndrome:
A right ventricular mapping and stimulation study. Circulation. Arrhythmia and
Electrophysiology. 2008;1(5):379-386



[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

Brugada Type 1 Pattern and Risk Stratification for Sudden Death: Does the Key Hide in the ECG...
http://dx.doi.org/10.5772/intechopen.75488

Van Malderen SCH, Kerkhove D, Theuns DAM], Weytjens C, Droogmans S, Tanaka K,
et al. Prolonged right ventricular ejection delay identifies high risk patients and gender
differences in Brugada syndrome. International Journal of Cardiology. 2015;191:90-96

Lambiase PD, Ahmed AK, Ciaccio EJ, Brugada R, Lizotte E, Chaubey S, et al. High-
density substrate mapping in Brugada syndrome: Combined role of conduction and
repolarization heterogeneities in Arrhythmogenesis. Circulation. 2009;120(2):106-117

Nagase S, Kusano KF, Morita H, Fujimoto Y, Kakishita M, Nakamura K, et al. Epicardial
electrogram of the right ventricular outflow tract in patients with the brugada syn-
drome: Using the epicardial lead. Journal of the American College of Cardiology. 2002;
39(12):1992-1995

Morita H, Kusano KF, Miura D, Nagase S, Nakamura K, Morita ST, et al. Fragmented
QRS as a marker of conduction abnormality and a predictor of prognosis of Brugada
syndrome. Circulation. 2008;118(17):1697-1704

Coronel R, Casini S, Koopmann TT, Wilms-Schopman FJG, Verkerk AO, de Groot JR,
et al. Right ventricular fibrosis and conduction delay in a patient with clinical signs of
Brugada syndrome: A combined electrophysiological, genetic, histopathologic, and
computational study. Circulation. 2005;112(18):2769-2777

Nademanee K, Raju H, de Noronha SV, Papadakis M, Robinson L, Rothery S, et al.
Fibrosis, Connexin-43, and conduction abnormalities in the Brugada syndrome. Journal
of the American College of Cardiology. 2015;66(18):1976-1986

van Veen TAB, Stein M, Royer A, Quang KL, Charpentier F, Colledge WH, et al. Impaired
impulse propagation in Scn5a-knockout mice: Combined contribution of excitability,
Connexin expression, and tissue architecture in relation to aging. Circulation. 2005;
112(13):1927-1935

Doi A, Takagi M, Maeda K, Tatsumi H, Shimeno K, Yoshiyama M. Conduction delay in
right ventricle as a marker for identifying high-risk patients with Brugada syndrome.
Journal of Cardiovascular Electrophysiology. 2010;21(6):688-696

Nademanee K, Veerakul G, Chandanamattha P, Chaothawee L, Ariyachaipanich A,
Jirasirirojanakorn K, et al. Prevention of ventricular fibrillation episodes in Brugada
syndrome by catheter ablation over the anterior right ventricular outflow tract
EpicardiumClinical perspective. Circulation. 2011;123(12):1270-1279

Ohkubo K, Watanabe I, Okumura Y, Ashino S, Kofune M, Nagashima K, et al. Prolonged
QRS duration in lead V2 and risk of life-threatening ventricular arrhythmia in patients
with Brugada syndrome. International Heart Journal. 2011;52(2):98-102

Calo L, Giustetto C, Martino A, Sciarra L, Cerrato N, Marziali M, et al. A new electrocar-
diographic marker of sudden death in Brugada syndrome: The S-wave in lead I. Journal
of the American College of Cardiology. 2016;67(12):1427-1440

119



120 Cardiac Arrhythmias

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

Babai Bigi MA, Aslani A, Shahrzad S. aVR sign as a risk factor for life-threatening arrhyth-
mic events in patients with Brugada syndrome. Heart Rhythm. 2007;4(8):1009-1012

Das MK, Saha C, El Masry H, Peng ], Dandamudi G, Mahenthiran ], et al. Fragmented
QRS on a 12-lead ECG: A predictor of mortality and cardiac events in patients with coro-
nary artery disease. Heart Rhythm. 2007;4(11):1385-1392

Antzelevitch C. The Brugada syndrome. Journal of Cardiovascular Electrophysiology.
1998;9(5):513-516

Antzelevitch C. Genetic, molecular and cellular mechanisms underlying the ] wave syn-
dromes. Circulation Journal is the official journal of the Japanese Circulation Society.
2012;76(5):1054-1065

Antzelevitch C, Dumaine R. Electrical Heterogeneity in the Heart: Physiological,
Pharhmacological and Clinical Implications. In: Comprehensive Physiology [Internet].
John Wiley & Sons, Inc.; 2011 [cited 2017 Dec 31]. Available from: http://onlinelibrary.
wiley.com/doi/10.1002/cphy.cp020117/abstract

Veerakul G, Nademanee K. Brugada syndrome: Two decades of progress. Circulation
Journal is the official journal of the Japanese Circulation Society. 2012;76(12):2713-2722

Tse G, Gong M, Wong WT, Georgopoulos S, Letsas KP, Vassiliou VS, et al. The Tpeak-
tend interval as an electrocardiographic risk marker of arrhythmic and mortality out-
comes: A systematic review and meta-analysis. Heart Rhythm. 2017;14(8):1131-1137

Maury P, Sacher F, Gourraud ]-B, Pasquié J-L, Raczka F, Bongard V, et al. Increased
Tpeak-tend interval is highly and independently related to arrhythmic events in Brugada
syndrome. Heart Rhythm. 2015;12(12):2469-2476

Castro Hevia ], Antzelevitch C, Tornés Barzaga F, Dorantes Sdnchez M, Dorticos Balea F,
Zayas Molina R, et al. Tpeak-tend and Tpeak-tend dispersion as risk factors for ventricu-
lar tachycardia/ventricular fibrillation in patients with the Brugada syndrome. Journal
of the American College of Cardiology. 2006,47(9):1828-1834

Haissaguerre M, Derval N, Sacher F, Jesel L, Deisenhofer I, de Roy L, et al. Sudden car-
diac arrest associated with early repolarization. The New England Journal of Medicine.
2008;358(19):2016-2023

Antzelevitch C, Yan G-X. ] wave syndromes. Heart Rhythm. 2010;7(4):549-558

Kawata H, Morita H, Yamada Y, Noda T, Satomi K, Aiba T, et al. Prognostic significance
of early repolarization in inferolateral leads in Brugada patients with documented ven-
tricular fibrillation: A novel risk factor for Brugada syndrome with ventricular fibrilla-
tion. Heart Rhythm. 2013;10(8):1161-1168

Rollin A, Sacher F, Gourraud ]B, Pasquié JL, Raczka F, Duparc A, et al. Prevalence,
characteristics, and prognosis role of type 1 ST elevation in the peripheral ECG leads in
patients with Brugada syndrome. Heart Rhythm. 2013;10(7):1012-1018



Chapter 7

Endocardial Approach for Substrate Ablation in
Brugada Syndrome

Pablo E. Tauber, Virginia Mansilla, Pedro Brugada,
Sara S. Sanchez, Stella M. Honoré, Marcelo Elizari,
Sergio Chain Molina, Felix A. Albano,

Ricardo R. Corbalan,

Federico Figueroa Castellanos and

Damian Alzugaray Bioeng

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75932

Abstract

Radiofrequency ablation (RFA) in Brugada syndrome (BrS) has been performed by both
endocardial and epicardial. The substrate in BrS is not completely understood. We inves-
tigate the functional endocardial substrate and its correlation with clinical, electrophysio-
logical and ECG findings in order to guide an endocardial ablation. Two patients agreed to
undergo an endocardial biopsy and the samples were examined with transmission electron
microscopy (TEM) to investigate the correlation between functional and ultrastructural
alterations. About 13 patients (38.7 + 12.3 years old) with spontaneous type 1 ECG BrS pat-
tern, inducible VF with programmed ventricular stimulation (PVS) and syncope without
prodromes were enrolled. Before endocardial mapping, the patients underwent flecainide
testing with the purpose of measuring the greatest ST-segment elevation for to be corre-
lated with the size and location of substrate in the electro-anatomic map. Patients under-
went endocardial bipolar and electro-anatomic mapping with the purpose of identify areas
of abnormal electrograms (EGMs) as target for RFA and determine the location and size
of the substrate. When the greatest ST-segment elevation was in the third intercostal space
(ICS), the substrate was located upper in the longitudinal plane of the right ventricular
outflow tract (RVOT) and a greatest ST-segment elevation in fourth ICS correspond with a
location of substrate in lower region of longitudinal plane of RVOT. A QRS complex widen-
ing on its initial and final part, with prolonged transmural and regional depolarization time
of RVOT corresponded to the substrate located in the anterior-lateral region of RVOT. A
QRS complex widening rightwards and only prolonged transmural depolarization time
corresponded with a substrate located in the anterior, anterior-septal or septal region of
RVOT. RFA of endocardial substrate suppressed the inducibility and ECG BrS pattern dur-
ing 34.7 + 15.5 months. After RFA, flecainide testing confirmed elimination of the ECG BrS
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pattern. Endocardial biopsy showed a correlation between functional and ultrastructural
alterations. Endocardial RFA can eliminate the BrS phenotype and inducibility during pro-
grammed ventricular stimulation (PVS).

Keywords: Brugada syndrome, radiofrequency catheter ablation, electrocardiography,
mapping, biopsy

1. Introduction

Since the original publication in 1992 [1], many researchers have tried to explain the mecha-
nisms and substrate that causes an abnormal electrocardiographic (ECG) pattern and ventric-
ular arrhythmias in Brugada syndrome (BrS) and few therapeutic options have been found.
Initially three hypotheses were proposed for explain the mechanism and arrhythmias in BrS,
the abnormal repolarization theory [2], the abnormal depolarization theory [3] and the abnor-
mal expression of neural crest cells during cardiac development [4].

BrS is characterized by an elevated ST segment in the right precordial leads (V1-3) on the
ECG and risk of sudden cardiac death (SCD) [1, 5]. The ECG 1 pattern is frequently intermit-
tent and can be unmasked by the administration of a sodium channel blocker (Figure 1). The
incidence of SCD in subjects with Brugada type 1 ECG pattern and no previous cardiac arrest
is 2 per 1000 patients per year [6, 7].

At present, there are just two therapeutic strategies, which include implantable cardioverter-
defibrillator (ICD) and/or chronic quinidine therapy [6, 7]. However, quinidine is not effective
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Figure 1. Characteristic BrS ECG. A. In the N°3 patient the ECG at baseline show spontaneous and intermittent type 1
ECG BrS pattern. B. After flecainide test (400 mg, orally) [19].
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in many patients and its use is frequently associated with intolerable adverse effects. ICD
implantation may be effective in preventing SCD, and is currently recommended as a class
I indication for symptomatic patients with type 1 Brugada ECG pattern. Unfortunately, ICD
therapy in many patients is associated with inappropriate shocks (overall ICD complication
rate is 9.1% and inappropriate shocks in BrS occur in 13.7%), lead fractures/failure, device
infections and frequent ICD discharges by electric storms [6, 8, 9].

As an autosomal dominant disease with incomplete penetrance, BrS was initially linked to
mutations in the SCN5A gene [9]. Currently, more than 450 pathogenic variants have been
identified in 24 genes encoding sodium, potassium, and calcium channels or associated pro-
teins [10, 11]. Known BrS-susceptibility genes can only partially explain the clinically diag-
nosed cases; therefore, many patients (65-70%) remain “genetically unresolved” [8, 9]. For
many years, BrS has been considered a purely electric disease even if, more recently some
authors have shown the presence of morphological and functional abnormalities (regional
conduction slow in the endocardium and epicardium), predominantly located in the right
ventricle outflow tract (RVOT) [12-14].

Radiofrequency ablation (RFA) has recently emerged as a therapeutic option in BrS patients of
high risk. RFA in two previous reports was effective in preventing ventricular fibrillation (VF)
in BrS [15, 16]. Two studies have recently shown fractionated systolic electrograms (EGMs) in
epicardium of RVOT and RF normalized the ECG pattern and prevented ventricular fibrilla-
tion and ventricular tachycardia (VT/VF) occurrence in a short follow-up [17, 18].

2. Study population and risk factors

The arrhythmic events occur in patients who presented spontaneous type 1 ECG BrS pattern
and syncope of presumed arrhythmic origin, so both are considered high-risk factors [6]. The
risk of SCD in patients without ICD is 2 per 1000 patients per year [6, 7]. But unfortunately,
the possibility of survival out of hospital is low if the first symptom is the SCD.

We in a prospective single-center study consecutively included 13 caucasian patients when
they presented all three high-risk criteria: (1) documented spontaneous type 1 BrS ECG pat-
tern, (2) syncope of probable arrhythmic cause (syncope was defined as a no traumatic and
reversible loss of consciousness, and was considered of arrhythmic origin in the absence of
a prodrome or triggering circumstances), (3) inducible VF with PVS [19]. These were associ-
ated with at least one of the following conditions: family history of SCD at age < 45 years, type
1 BrS ECG pattern in family members, early repolarization pattern, and/or nocturnal agonal
respiration [6, 9]. Structural heart disease, systemic diseases and phenocopies was ruled out in
each case on the basis of clinical history and extensive evaluation with 2D Echocardiography,
tilt test, brain computed tomography, 24-hour ambulatory ECG monitoring, HIV test, cox-
sackie and parvovirus B19 test, Chagas disease test, myocardial perfusion and cardiac nuclear
magnetic resonance. All patients had 5 points according to the risk score model currently pro-
posed by Sieira et al. [20] (spontaneous type 1 ECG pattern =1 point, inducible VF =2 points
and syncope =2 points). None had a history of SCD or documented spontaneous VI/VF and
did not receive antiarrhythmic drugs. Patients were submitted to endocardial bipolar and
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electroanatomic mapping and RFA. One month before of mapping and RFA, 10 patients
accepted the implant of an ICD with class Ila indication [9]. Table 1 shows the clinical char-
acteristics of the study patients. About 13 patients with spontaneous type 1 ECG BrS pattern,
symptomatic by syncope without prodromes, and VF induced during programed ventricular
stimulation (PVS) were enrolled and completed the study protocol. Five males (38.5%) and
eight females (61.5%), with an average age of 38.7 + 12.3 years (range 19-58 years) were enrolled.
Most patients (54%) had a family history of SCD and all patients experienced previous synco-
pal episodes without prodromes. In four patients (31%) nocturnal agonal respiration and fam-
ily history of ECG 1 BrS pattern were evident. All patients had a VRP <200 m (180 + 13.6 ms).
A QRS complex duration >120 ms in V1 or V2 leads (129.6 + 27 ms) in six patients (46%) and a
R wave with an amplitude 23 mm in aVR lead during flecainide testing (3 + 1.4 mm) in seven
patients (54%) was found. In five patients (38.5%) a HV interval to DI lead >55 ms (53.4 + 21 ms),
in three patients a QRS fragmentation (23%) and in two patients a ] wave (15.4%) were present.
Interestingly, during bipolar mapping after premature ventricular contractions (PVCs), alter-
nating T and J-wave and changes of the ST segment elevation were found (Figure 2).

Syncope constitutes an important diagnostic and therapeutic challenge in BrS. Approximately
one-third of BrS patients present syncope. Some cases of syncope may be related to VF that
terminates spontaneously. Vagal syncope is probably the most frequent cause of syncope in
the BrS [21] and vagal hypertony may facilitate the onset of spontaneous VF in BrS [22]. Also
symptoms suggesting of vagal syncope may also be observed in syncope of cardiac origin
[23]. In our study, two patients (15%) after RFA had near-syncope with vaso-vagal prodrome
and without arrhythmias in the ICD interrogation [19].
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Figure 2. Endocardial mapping. A. The N° 3 patient in the peripheral zone of substrate show middle diastolic, pre-
systolic and continuous EGMs. The split pre-systolic potential (red arrows) triggers PVC (red star). B. After PVCs (red
star), alternating T and ] wave are shown (electric turbulence). Also displays spontaneous ST segment elevation changes
(red arrows) [19].
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BrS is eight times more prevalent in males, probably for higher testosterone levels and a more
prominent transient outward current (Ito). Males are at increased risk for developing a spon-
taneous type 1 ECG BrS pattern and VF during PVS. Nevertheless, because the majority of the
asymptomatic patients are also male the gender is not an independent predictor of arrhyth-
mic events [9, 24]. It is striking that eight of our patients (61.5%) were females. Five of these
had between 38 and 58 years of age and menopausal symptoms, so we might suspect that lack
of estrogens could induce the expression of phenotype [19].

3. Electrophysiological study and mapping: identification of
functional substrate

Nademanee et al., found prolonged and fractionated late potentials in the anterior zone of epi-
cardium of RVOT [17]. Recently, Brugada et al. in 14 inducible patients reported abnormal EGMs
only in epicardium of the anterior free wall of right ventricle and in RVOT [18]. However, con-
sistently we find a substrate in the endocardium of RVOT and RFA eliminates abnormal EGMs,
ECG BrS pattern and inducibility during a median follow-up of 44.7 + 15.5 months in 13 patients.
We saw the substrate not only in the anterior zone of RVOT but also in septal and lateral regions,
but never in the posterior region [19]. Sunsaneewitayakul et al. reported late depolarization zones
on the endocardial of RVOT. Endocardial RFA about these zones modified the ECG BrS pattern
and suppress the VF storm [16]. Similarly, we reported areas with late depolarization, diastolic
electrical activity and abnormal systolic EGMs. In our study high-density detailed endocardial
electroanatomical and bipolar voltage mapping of right ventricle and RVOT was performed,
using 3-dimensional (3D) mapping system En Site NavXTM under local anesthesia and seda-
tion, during stable sinus rhythm [19]. AH and HV interval to DI and V2 lead and ventricular
refractory period (VRP) were measured. Bipolar EGMs were filtered from 10 to 400 Hz and dis-
played at 100-200 mm/s speeds. Systolic EGMs with an amplitude <1.5 My, split or fractionated
whit a duration >80 ms and delayed components extending beyond the end of QRS complex
and accompanied by late potentials (LPs) were defined as abnormal. The EGMs found in the
diastole were referred as “diastolic electrical activity”. The number of diastolic EGMs (separated
by isoelectric line) in two successive sinus cycles was counted. PVS of RVOT with 3 cycle lengths
(600, 500 and 400 ms) and up to two premature extrastimuli was performed. Premature extra-
stimuli was decreased in 20 ms step until a coupling interval of 200 ms or the VRP was reached
or VF lasting >10 seconds was induced. The induction with PVS up to two premature beats is
independent predictors of poor prognosis with a high negative predictive value and was associ-
ated with increased risk, but has a controversial prognostic value. The lack of induction does not
necessarily portend a low risk and hence clinical factors are the most important determinants [6,
20, 25, 26]. VF inducibility rate is highest in patients with BrS and syncope of unknown origin
(80%), the lowest in asymptomatic patients (61.5%), and intermediate in patients with vasovagal
syncope (70.5%) [26-29]. However, it is important to note that these observations correspond to
the pre-ablation era of BrS and therefore, the PVS could be a good predictor of outcome after REA
[18]. In our patients the endocardial RFA of diastolic electrical activity and abnormal systolic
EGMs suppressed the type 1 ECG BrS pattern and inducibility with PVS, making the patients
asymptomatic, as was previously reported for the epicardial RFA [17, 18].
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We identified three zones of substrate according to amplitude of the systolic EGMs: central
very low voltage zone <0.5 mV, peripheral low voltage zone of 0.5-1.5mV (border) and normal
voltage zone >1.5 mV [19]. The central zone of substrate using filling scaling was measured
in mm? and located in the RVOT. Areas showing low-amplitude signals were mapped with
greater point density. Abnormal endocardial electroanatomic voltage maps, characterized by
very low-voltage EGMs with clean diastoles in the central area of substrate were found. Only
three patients (23%) during bipolar mapping showed fragmented systolic EGMs of low-volt-
age (< 1.5 mV) with duration greater of 80 ms between central and peripheral zone (border
zone) of voltage mapping. As shown in Figure 3, only in the peripheral zone of substrate the
endocardial diastolic EGMs (mean 6.7 + 1.4 EGMs in two successive sinus cycles) were pres-
ent. Overall, the median baseline very low voltage or central area of substrate (< 0.5 mV) was
14.2 mm? (SD = 10.5) (Table 1).

It is important to note, that epicardial mapping may not recognized a substrate located in the
septal zone of RVOT. In addition, during epicardial mapping the interposition of fat tissue
between the epicardium and the exploratory catheter could decrease the amplitude of the
potentials recorded, giving false areas of low voltage. Our study only inclusion 13 patients
and may be considered a small size sample [19]. However, our results are consistent allowing
us to reach reliable conclusions. We not performed genetic studies. However, it is unlikely
that this could affect our observations because mutations have been described in over 24
genes and BrS-susceptibility genes can only partially explain the clinically diagnosed cases.
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Figure 3. Endocardial electroanatomic maps and location of abnormal EGMs. Double systolic EGMs, late potentials,
middle diastolic potentials and continuous diastolic activity in peripheral zone that triggers PVCs is displays. Prolonged
and fragmented systolic EGMs of low voltage in border zone in three patients can be observed. In the central zone of
substrate observe clean diastole with very low-voltage systolic potentials. The N°3 patient displays single and split pre-
systolic potentials in peripheral zone of substrate which triggers PVCs [19].
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Although the results of mapping and RFA were good, we do not perform epicardial map-
ping and do not ignore the possibility that a portion of the substrate can remain present after
ablation.

In addition, we found pre-systolic potentials as was previously reported by Haissaguerre et al.
[15]. We showed with TEM Purkinje fibers in RVOT (Figures 2 and 3) [19]. These could be
involved in the origin of pre-systolic potentials and genesis of early-onset PVCs that can trigger
VT or VF, by spontaneous depolarization or micro-reentry circuit in the Purkinje network [30].

4. Electrocardiographic analysis

4.1. Size of substrate and ST-segment elevation

In the BrS the mechanism of ST segment elevation has been explained by the repolarization the-
ory (decreased of Na + and/or Ca++ channel function with a prominent Ito current in epicardium
of RVOT generates a transmural voltage gradient), or the depolarization theory (disturbances in
depolarization of RVOT can be cause of delayed conduction and ST segment elevation) [18, 20].
Nevertheless, the ECG changes are actually explained by the theorem of solid angle, where a
substrate larger increases the magnitude of the ST segment elevation [31]. In 13 patients of high
risk we have analyzed QRS complex duration, R wave amplitude in aVR lead, presence of frag-
mented QRS (f-QRS) and end-QRS slur or notch in DI, aVL, DII, DIII and aVF leads with J point
peak 20.2 mv with descending ST segment, corresponding to an early repolarization or “J wave”
[19]. Before of endocardial mapping the patients were underwent flecainide testing (400 mg,
orally) with the purpose of measuring the greatest ST-segment elevation. The partial greatest
ST-segment elevation in millimeters (ST-segment elevation in V1 + V2 leads in the third ICS and
ST-segment elevation in V1 + V2 + V3 leads in fourth ICS), and total sum of greatest ST-segment
elevation (ST segment elevation in V1 + V2 leads in the third ICS plus ST-segment elevation in
V1 + V2 + V3 leads in fourth ICS) were measured. (Figure 4-A). Correlation between size and
location of substrate in the electro-anatomic map and the ST-segment elevation were analyzed.
As shown in Figure 4 and Table 2, with a cut-off 213 mm in the total sum of ST segment elevation
two variants were found: (1) A total sum of ST-segment elevation <13 mm (n = 8, 61.5%, mean
9.6 + 1.3 mm) corresponded to a central area of substrate of 7.7 + 1.8 mm?; (2) A total sum of ST
segment elevation >13 mm (n = 5, 38.5%, mean 15 + 1.1 mm) corresponded to a central area of
substrate of 28.2 + 9.2 mm? (p < 0.001 for correlation of ST segment elevation and correlation of
central area of substrate, with a value >0.90 of ROC curve).

Brugada et al. during electro-anatomic mapping with administration of a sodium channel
blocker showed an increase in the size of the low voltage [18]. In concordance, our obser-
vations suggest that the total sum of ST segment elevation during flecainide testing would
approximately determine the substrate size. In addition, the ECG leads with greater ST seg-
ment elevation would locate the substrate in the RVOT [19].

Morita et al. (145 patients who experienced syncope or had VF events) proposes ECG risk mark-
ers for the initial and recurrent episodes of VF in symptomatic patients with BrS. The f-QRS,
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Figure 4. Correlation between ST segment elevation and substrate localization. A. With the administration of sodium
channel blocker, a greater magnitude of total sum of ST segment elevation corresponds to a greater very low voltage
area of substrate, and allows its location in the longitudinal plane of RVOT. (a) The location of the substrate in the
bottom zone of RVOT correspond to a greater sum of ST segment elevation in fourth ICS vs. third ICS (5 vs. 3 mm). (b)
The location of the substrate in the top zone of RVOT correspond to a greater sum of ST segment elevation in third ICS
vs. 4th ICS (8 vs. 3 mm). (c) The location of the substrate in the intermediate zone of RVOT corresponds to a sum of ST
segment elevation of equal magnitude in third ICS and fourth ICS (8 mm and 8 mm). B. The graph shows the correlation
between linear increase of total sum of ST segment elevation and substrate size. The blue bars indicate each patient [19].

inferolateral early repolarization and complete RBBB were associated with occurrence of ven-
tricular tachyarrhythmia in the symptomatic patients [34]. Our population show in three patients
a QRS fragmentation (23%) and in two patients a ] wave (15.4%) [19].

4.2. Location of substrate in the longitudinal plane

Nademanee et al. found functional substrate in the anterior zone of epicardium of RVOT [17].
Brugada et al. in 14 inducible patients reported a functional substrate in epicardium of RVOT
and anterior free wall of right ventricle [18].

In our study a high-density endocardial electroanatomical mapping of right ventricle and
RVOT was performed [19]. Taking the pulmonary valve as upper limit and the supraven-
tricular crest as lower limit in the longitudinal plane the RVOT was divided in top and
bottom. As shown in Figure 4-A and Table II, we have found three variants: (1) When the
substrate was located in the top region of RVOT, it corresponded with the greater sum of
ST-segment elevation in V1-V2 leads in the 3rd ICS (n =5, 38.5%); (2) When the substrate was
located in the bottom region of RVOT (n =5, 38.5%), it corresponded with the greater sum of
ST-segment elevation in V1-V2-V3 leads in the 4th ICS; (3) When the substrate was located in
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Patient ST-segment with Total sum of Size of low Location of substrate
ST-segment voltage

>elevation (mm) Elevation (mm) Area (mm?) In the longitudinal and
V1-V2leads V1-V2-V3 Transverse plane
leads
Third ICS 4TH ICS
V1=2V1=2

1 V2=4V2=7 16 36 Bottom
V3=1 Anterior-lateral
V1i=3Vl=1

2 V2=4V2=2 10 8 Top
V3=0 Anterior-lateral
V1=2V1=3

3 V2=3V2=5 14 19 Bottom
V3=1 Anterior-lateral
Vi=2Vl=1

4 V2=6V2=5 16 42 Intermediate
V3=2 Anterior-lateral
V1=2V1l=2

5 V2=1V2=2 8 5 Bottom
V3=1 Anterior-lateral
V1=2V1=0

6 V2=2V2=2 8 5 Intermediate
V3=2 Anterior
Vi=1Vl=1

7 V2=3V2=4 10 8 Bottom
V3=1 Septal
V1=3Vl=1

8 V2=5V2=2 11 10 Top
V3=0 Anterior
V1=2V1=3

9 V2=3V2=4 13 19 Bottom
V3=1 Anterior-septal
V1=5Vl=1

10 V2=3V2=2 11 10 Top
V3=0 Anterior
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Patient ST-segment with Total sum of Size of low Location of substrate
ST-segment voltage
>elevation (mm) Elevation (mm) Area (mm?) In the longitudinal and
V1-V2 leads V1-V2-V3 Transverse plane
leads
Third ICS 4TH ICS
V1=2Vl=1
11 V2=6V2=2 11 8 Top
V3=0 Septal
V1=2Vl=1
12 V2=3V2=2 8 8 Top
V3=0 Anterior-septal
V1=3V1=3
13 V2=4V2=5 15 25 Intermediate
V3=0 Anterior
Meanand SD 3+1323+15 <13 (n=38, 61.5%) 77+18
9.6+1.3

213 (n=5,38.5%) 15+ 1.1 282%92

p value <0.001 <0.001

Source: [19].

Table 2. Correlation between sum of ST-segment elevation, location and size of low voltage area.

the intermediate region of RVOT (n = 3, 23%), the sum of ST-segment elevation was of equal
magnitude in the 3rd and 4th ICS (n = 3, 23%).

4.3. Location of substrate in the transverse plane

In our study during endocardial electroanatomical mapping, in the transverse plane an ante-
rior, lateral, posterior and septal areas were identified [19]. During endocardial bipolar map-
ping, the regional depolarization time (RDT) from the endocardial EGM of right ventricular
inflow tract (RVIT) recorder by the catheter located at the site of His, until the beginning of
endocardial EGM of RVOT, recorded by the catheter located in the RVOT was measured. A
value from 0 to 10 ms was considered normal. Moreover, the trans-mural depolarization time
(TDT) of RVOT from the beginning of endocardial EGM of RVOT until the end of QRS complex
in V2 lead was measured. The TDT measured at DI was considered as normal value. As shown
in Figure 5, we have found two variants were found: (1) When the substrate was located in
the anterior lateral region of RVOT (n =5, 38.5%), the HV interval measured to DI lead (mean
70.6 = 24 ms) was longer than the HV interval to V2 lead (mean 50 + 15 ms). This was accom-
panied with widening of the QRS complex in its initial and final parts (widening of QRS left
and right) in V1 and V2 lead. We defined this as “mixed delay of depolarization of RVOT”.
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Figure 5. Location of substrate in transverse plane of RVOT. A. The N°4 patient displays a substrate located in the
anterior-lateral zone of RVOT which corresponds to a widening of QRS complex to left and right. The HV interval to DI
lead is longer (120 ms) that the HV interval to V2 lead (80 ms), while RDT and TDT are prolonged. B. The N°11 patient
displays a substrate located in the septal zone of RVOT which correspond only to a widening of end QRS complex. The
HYV interval to DI and V2 leads is equal (55 ms) and only TDT is prolonged [19].

Simultaneously, TDT and RDT were prolonged, because early depolarization of RVOT occurs.
(2) When the substrate was located only in the anterior part (30.8%), or anterior-septal (15.4%)
or exclusively in the septal region (15.4%) of RVOT, the HV interval measured to DI and V2
leads showed no increase in its duration (mean 42.6 + 6 ms and 41 # 6.5 ms, respectively) and
the widening of QRS was only rightward (widening QRS rightward). Moreover, the endo-
cardial EGM of RVIT and RVOT, and beginning of QRS complex in DI-V1-V2 lead they were
activated simultaneously, indicating that there is no RDT delay, while TDT of RVOT was pro-
longed of dynamic manner. We defined this as “end delay depolarization of RVOT”.

Was report that 11% of patients with BrS have early repolarization pattern in the inferior-lateral
leads and a more severe phenotype [32]. Interestingly, as shown in Figure 6 we found in two
patients who had a substrate of exclusively septal location, showed end-QRS notching or slur-
ring pattern. When the substrate was located in the bottom-septal zone of RVOT (patient N°7)
only end-QRS notch in aVL lead and slurred S-wave in DII, DIII and a VF leads was observed
(Figure 6-A). Whereas, when the substrate was located in the top-septal zone of RVOT (patient
N°11) an end-QRS slur in DI and aVL leads was observed (Figure 6-B). Our observations suggest
that a location of substrate in septal region of RVOT, with beginning of the depolarization at the
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Figure 6. RFA effects on the ECG. A. The N°7 patient displays a substrate located in bottom septal zone of RVOT. Before
RFA a type 2 ECG BrS pattern, end-QRS notch in aVL lead and slurred S wave in DII, DIII and aVF leads are present.
It disappears after RFA (red arrows). B. The N°11 patient displays a substrate in the top septal zone of RVOT. Before
RFA a type 1 ECG BrS pattern and end-QRS slur in DI and aVL leads are present. It disappears after RFA (red arrows).
C. Before RFA the flecainide test showed a type 1 ECG BrS pattern. The QRS complex duration in V1 and V2 leads was
180 ms, while in DI was 90 ms (red lines). Immediately after ablation, the duration of QRS complex in V2 lead decreased
to 90 ms and ECG BrS pattern disappears (red arrows). After RFA the flecainide test not induced type 1 ECG BrS pattern.
The ECG at 3.8 years follow-up persist normal [19].

endocardium correlated with the presence of end-QRS notching or slurring pattern in inferior
or/and lateral leads by slow conduction. As shown in Figure 6 A and B the endocardial RFA of
substrate produced their disappearance [19]. Normally the epicardium is electropositive with
respect to electronegative endocardium creating a current flow of endocardium to epicardium.
When activation spreads from endocardium to epicardium, in a context of slow conduction, the |
wave coincides with the notch in the epicardial AP mediated by the Ito current and it is recorded
by ECG. Conversely, when the activation begins in the epicardium, the ] wave disappears hid-
den by the QRS complex [33]. Consequently, our observations lead us to think that the ] wave
depends more of late depolarization that early repolarization as was suggested by other authors.

5. Effects of RFA on the ECG BrS pattern and substrate

Endocardial and epicardial RFA has been proposed as a new strategy to prevent SCD and
VT/VF in BrS patients of high risk. Nademanee et al. found what RFA on prolonged and
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fractionated late potentials in the anterior zone of epicardium of RVOT normalized the ECG
BrS pattern and prevented VI/VF in all but one patient during a follow-up of 20 + 6 months
[17]. Recently, Brugada et al. in 14 inducible patients reported abnormal EGMs only in epi-
cardium of the anterior free wall of right ventricle and in RVOT. RFA eliminated both ECG
BrS pattern and inducibility, with a median follow-up of 5 months [18].

In our study, the endocardial RFA in 13 patients resulted in normalization of the ECG BrS
pattern, disappearance of end-QRS notching or slurring and suppression of inducibility in
all patients during a mean follow-up of 47.7 + 15.5 months (Table 1) [19]. About 30 days after
RFA a flecainide testing did not develop ECG BrS pattern. Seven patients who entered to
procedure with spontaneous type 1 ECG pattern showed ECG normalization at the end of
the procedure. Immediately after REA was applied, activity and varying degrees of changes
in ST segment were observed. With following applications of RFA the ECG pattern pro-
gressively decreased (Figure 7). After RFA local abnormal diastolic EGMs completely disap-
pear and systolic EGMs were replaced by residual very low voltage areas. The mean time
of procedure and fluoroscopy were 112 + 24.5 and 13.7 + 5.5 minutes, respectively (Table I).
Postprocedure, predischarge, and follow-up 12-lead ECG confirmed the absence of BrS ECG
pattern (Figure 6C). The patients were asymptomatic and free of arrhythmic events in the
24-hour ambulatory ECG monitoring and in follow-up the ICD interrogation. Two patients
(15%) had a near-syncope with prodrome at 24 of 46 months and at 18 of 36 months of
follow-up respectively, without arrhythmias in ICD interrogation.

Sunsaneewitayakul et al. reported that endocardial RFA on the late depolarization zones
modified the ECG BrS pattern in three patients and suppress the VF storm in four patients,
during follow-up of 12-30 months [16]. Similarly, we obtained suppression of inducibility,
normalization of BrS ECG pattern and early repolarization pattern with endocardial RFA of
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Figure 7. Effects of radiofrequency ablation on ECG. In the N°3 patient during endocardial RFA, intense activity
and varying degrees of ST segment changes are shown. The ECG pattern progressively decreases with the following
applications (red arrows). After RFA the local abnormal diastolic EGMs completely disappeared and systolic EGMs were
replaced by residual low voltage areas [19].
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areas with late depolarization, diastolic electrical activity and abnormal systolic EGMs [19];
probably by substrate homogenization and transmural lesion of the thin wall of RVOT (mean
3 mm). In addition, as show Figures 2 and 3 we found pre-systolic potentials as was previ-
ously reported by Haissaguerre et al. [15]. In our patients the endocardial RFA of these poten-
tials suppress PVCs and inducibility on PVS [19].

6. Correlation between functional and ultrastructural substrate

Coronel et al. show in a heart explanted of a BrS patient, fibrosis with epicardial fat infiltration
as well as conduction slow without transmural repolarization differences [35]. Furthermore,
interstitial fibrosis, fat tissue and myocyte disorganization with reduced gap junction expres-
sion in the presence of fractionated and unfractionated low voltage systolic EGMs in the
endocardium and epicardium of RVOT was reported with optical microscopy [36-38].

In two patients, before RFA and after right internal jugular venous access through a steer-
able sheath we advanced a bioptome to RVOT and connected to 3-dimensional (3D) mapping
system [19]. Guiding by electroanatomic and voltage map two samples of endo-myocardial
biopsies of the three previously defined zones of substrate was obtained. Samples were fixed in
4% glutaraldehyde and 0.1% sodium phosphate (pH 7.4) for transmission electron microscopy
(TEM) study as was described previously [39]. As show Figure 8 the ultrastructural substrate
and functional substrate were correlated [19]. In the Figure 8A, the patient N°13 in (a), (d)
and (g) shows electro-anatomic and voltage map (functional substrate) with a central area of
substrate of 25 mm? located in the intermediate-anterior zone of the RVOT and the bioptome
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Figure 8. Correlation between functional and ultrastructural substrate. On the left side the electro-anatomic and
voltage map (functional substrate) and bioptome connected to the navigation system is shown. On the right side the
ultrastructural substrate is shown. Scale Barr: 3.33, 2.2 and 1.42 pm; mitochondria (mi); myofibrils (mf); Purkinje cell
(pc); myofibrillar rests (*); lipofusin deposit (Id); intercalated disk (id); remains of erythrocytes (er) [19].
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connected to the navigation system. In (b) and (c) on the right side can be seen the ultra-
structural substrate which corresponds to normal zone with mitochondria, myofibrils, and a
Purkinje cell of normal characteristics. In contrast, in the peripheral zone of substrate (e and f)
note that when approaching to pathological area, cytoplasmic vacuolization, myofibrillar and
mitochondrial disorganization with myofibrillar residue can be observed. The (h) and (i) corre-
sponds to the central zone, which depicts strong vacuolization and cell destruction with intense
cytoplasmic disorganization and myofibrillar residue. In the Figure 8B, the patient N° 11 in
(@), (d) and (g) shows the voltage and electro-anatomic map (functional substrate) with central
area of substrate of 8Smm? located in the top-septal zone of the RVOT. In (b) and (c) on the right
side can be seen the ultrastructural substrate which corresponds to normal zone with normal
characteristics of mitochondria, myofibrils, and a Purkinje cell. The approaching to pathologi-
cal area in the peripheral zone of substrate (e and f), myofibrillar disorganization, citoplas-
mic vacuolization, swelling and disappearance of mitochondrial crests, myofibrillar rests and
remains of erythrocytes were observed. The (h) and (i) corresponds to the central zone showing
strong vacuolization and cell destruction and myofibrillar residue. Fat replacement, lympho-
cytic infiltration, Chagasic myocarditis, collagen tissue or apoptotic bodies were not observed.

It is important to note that when we approach to pathological areas progressive cell damage
was observed. In the central zone of substrate low voltage systolic EGMs coincided with strong
cell destruction and cytoplasmic disorganization. The peripheral zone of substrate with cell
damage, mitochondrial swelling and myofibrillar residue without apoptotic bodies coincided
with late potentials, diastolic and/or presystolic activity (Figures 2 and 3). These findings
support mitochondrial energy loss as possible non-apoptotic progressive tissue damage and
death cell. Our results suggest the interesting possibility that substrate could be generated by
an abnormal expression of neural crest cells localized in RVOT during cardiac development.
Because an epicardial and endocardial substrate was demonstrated, our findings together
with those of other researchers support the probability of a transmural substrate.

7. Mechanisms of arrhythmias

Two theories suggest that an abnormal repolarization (local re-excitation by phase 2 reentry in
the epicardium) or a defect of the depolarization (disturbances in depolarization of RVOT can
cause conduction delay) may be responsible of phenotype and VF in BrS [40-43]. However,
in BrS the arrhythmias are usually polymorphic VT or VF, and these cannot be supported by
macro-reentry mechanisms. VF depends of a firing focus initiated by early or delayed after-
depolarization or a micro-re-entry [44]. Surviving cells surrounded by fibrosis has demon-
strated to be responsible of slow conduction and reentry in inhomogeneous scars [45]. The
residual electrical activity within scar was reported as delayed or isolated EGMs, late potentials
or diastolic EGMs and their elimination during sinus rhythm was effective to prevent VT/VF
[45]. In peripheral zone of substrate when a sufficient degree of cell damage was reached such
as we found with TEM and resting potentials are reduced the polymorphic VI/VF may occur.
This event could be originated through a firing focus or by multiple wavelets from a reentrant
microcircuit, and would explain the “diastolic electrical activity” observed in our patients.
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In addition, we found pre-systolic potentials as was previously reported by Haissaguerre
et al. [15]. As show Figure 8, the Purkinje fibers in RVOT could be involved in the origin of
pre-systolic potentials and in genesis of early-onset PVCs that can trigger VT or VF, by spon-
taneous depolarization or micro-reentry circuit in the Purkinje network [30].

8. Conclusion

In patients with BrS of high risk the substrate RFA may be a potential option of treatment. We
successfully ablated the substrate of BrS from the endocardium based on the electrophysiologi-
cal and ultrastructural findings. Our data together with the observations of other researchers
suggest a transmural substrate, contributing to future definition of the arrhythmogenic sub-
strate in BrS. As many phenotypes are involved in BrS, it is not unthinkable that different sub-
strates may exist in BrS. ECG analysis during administration of a sodium channel blocker allows
approximately determined the size and location of substrate. Careful endocardial mapping
allows identify late potentials, presystolic and diastolic EGMs as a new risk marker to guide
an endocardial substrate RFA, probably with the same results what a more complex epicardial
ablation. A comparative study between endocardial and epicardial RFA should be performed.
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ICD implantable cardioverter defibrillator
LPs late potentials

pPvC premature ventricular contractions
PVS programmed ventricular stimulation
RFA radiofrequency ablation

RP refractory period

RV right ventricle

RVIT right ventricular inflow tract

RVOT right ventricular outflow tract

SCD sudden cardiac death

TEM transmission electron microscopy
VF ventricular fibrillation

VRP ventricular refractory period

VT ventricular tachycardia
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Abstract

Breijo’s electrocardiographic model is becoming better known to cardiologists every day.
The decrease in the PR interval, together with the decrease of the QTc interval in the same
ECG tracing, is the main and only cardiac electrical feature on the same individual. It can
often go unnoticed, but many problems could be avoided if it was previously diagnosed,
including sudden death.

Keywords: cardiac arrhythmias, Breijo pattern, sudden cardiac death, palpitations,
tachycardia

1. Introduction

The decrease of the cardiac electrical systole—short PR and QTc intervals in the same electro-
cardiogram, also known as “Breijo electrocardiographic pattern”—is increasingly studied by
several authors. The vast majority of the time it can be overlooked in an electrocardiogram
tracing. More than 127 cases have been studied and cross-checked. Its diagnosis is essential
in avoidance of the most heartbreaking consequence, that is, avoidable death. Despite the fact
that for many authors, the cardiac electrical systole comprises only from the beginning of the
Q wave to the end of the T wave, that is, depolarization and repolarization of the ventricles—
the atria are also part of it. Therefore, the P wave, as well as the PR segment, must be a part
of the electrical cardiac systole. When there is a shortening of the PR interval along with a
shortening of the QT interval, we should talk about the Decrease of cardiac electrical systole. This
peculiar electrocardiographic pattern is denominating the Breijo pattern: “A PR interval less
than 0.120 s along with a QTc interval less than 0.360 s.” It is typical in this type of patients,
carriers of the Breijo pattern, to have some common peculiarities in all of them. 1. Unspecific

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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symptoms that are considered mild, such as: Palpitations, usually nocturnal, which awaken
the patient from the natural sleep. Profuse nocturnal sweating. Light-headedness feelings
misinterpreted. 2. A feeling of chest pain very unspecified, not irradiated and whose elec-
trocardiographic study is regarded, in the vast majority of cases, as nonspecific and atypi-
cal, since coronary alterations are not observed. 3. A personal background, in childhood, of
seizures treated with antiepileptic drugs without the presence of an epileptic focus on the
electroencephalogram. 4. Low levels of lythemia. 5. A preference for young age (up to 40) and
male sex.

In 2008, Breijo-Marquez et al. [1-3] presented an electrocardiographic pattern, in which both
the PR and QT intervals were shorter in milliseconds than what is regarded as acceptable
limits.

They called this phenomenon as Decrease of electrical cardiac systole”[1], since both, depolariza-
tion and repolarization, atrial and ventricular, are lower in their standard lengths (PR interval
and QT interval).

It is well known that, in an electrocardiogram, there are different waves, intervals, and
segments.

They are as follows:

A. Waves:P,Q,R,S, T.

B. Intervals: PR (for other PQ authors). QRS. QT.
C. Segments: ST fundamentally.

In spite of the repeated repetition of the image, we put it below to gain a better understanding;:

2. Normal electrocardiogram tracing

2.1. Waves: intervals and segments

The P-wave reflects atrial depolarization (contraction).

The PR-interval corresponds to the delay between the end of atrial depolarization (contrac-
tion) and the beginning of ventricular depolarization (contraction); its length must be between
0.120 s and 0.200 s.

The Q wave is a negative deflection in the ECG resulting at the beginning of ventricular depo-
larization (first wave in QRS complex).

The T wave is a reflection of ventricular repolarization.

The QT interval includes a complete ventricular depolarization and repolarization (full ven-
tricular cycle); its length must be between 0.400 and 0.450 s (depending on authors and their
conveniences since some authors have studied and published in different journals what the
correct length of the QTc interval should be. Even they have not agreed with their different
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conclusions. We agree to Gollop, these values may vary; for us and with a broader context, the
standard QTc values are between 0.400 and 0.450 s in length).

There are many formulas to measure the amount of these ranges; the most used are Bazett and
Fridericia yet (Figure 1).

Like the R-R interval, the QT interval is dependent on the heart rate in an obvious way (the
faster the heart rate, the shorter the R-R Interval and QT interval) and may be adjusted to
improve the detection of patients at increased risk of ventricular arrhythmia.

The length of the PR (or PQ) interval, of the QRS complex, of the ST segment and the corrected
QT interval, are all-important and must be valued in all cases.

The PR interval must be greater than 120 ms and lower than 200 ms.
Otherwise, we would find a “short PR” if this is fewer than 120 ms.

If greater than 200 ms, it would be denominated like an Auricle-ventricular block in any of its
variants.

The QRS complex should have a maximum length of 0.10 s. If it were longer lasting, we would
be in front of a branch block in its different modalities (complete or incomplete).

Atria Ventricles
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Figure 1. Graphical representation of a normal heart cycle. Indicating the waves, segments and intervals in time (abscissa)
and millivolts (ordinate).
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The great controversy that persists to this date is about which should be considered as an
average length of the QT interval since it is related to the heart rate, that is, the QT value is
frequency —dependent.

Several formulas are used to correct the QT interval (QTc). The most used are those of Bazett
and Fridericia.

However, for these authors, typical values would be between 0.40 and 0.44 s, regardless of the
person’s age and sex.

The discrepancies among the different authors about the typical values of corrected QT are
immense. These controversies are producing an authentic catastrophe when it comes to cata-
loging when it is or not a short QTC [4-8].

For us, in accordance with Gollop [9] —any QT value corrected interval less than 0.360 s must
be considered as “short QT.”

The most commonly used formulas are as follows (Table 1):

QT heart rate correction formulas

Exponential Formula

Bazett QT/RR1/2
Fridericia QT/RR1/3
Linear Formula
Framingham QT +0.154 (1-RR)
Hodges QT +1.75 (HR-60)

Table 1. Formulas for QTc measure.

3. QT heart rate correction formulas

When the lengths of the different waves, intervals, and segments are greater or lesser than the
values considered normal, the heart is much more vulnerable to arrhythmias. Any of these
may be truly lethal, and accesses to ventricular fibrillation may develop.

As we have already mentioned, Breijo et al. published a new electrocardiographic pattern
consisting of a short PR and QT intervals in the same electrocardiogram tracing.

People who had this kind of electrocardiographic pattern had also suffered from a wide variety
of symptoms. Nocturnal tachycardias, dizziness, seizures, and unexplained syncopal accesses
were the main symptoms common to all patients. They were diagnosed as people with epi-
lepsy and treated with specific drugs for epilepsy; the results of such treatment were null.

However, the electroencephalographic registers did not provide any visualization for epilep-
tic focus in any of the assessed patients. The patient age ranged from 16 to 40 years. The male
gender was predominant. All previous electrocardiographic studies were considered within
normal ranges.
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As we have previously mentioned, the typical features of the Breijo pattern are:

1. A PR interval of fewer than 120 ms (short PR).

2. A QTc interval fewer than 360 ms.

Both on the same electrocardiographic tracing.

As we have mentioned previously, we agree with Gollop et al. [9] on when the QTc interval
duration ought to be considered as “short.”

Gollop et al. have written over 61 cases of Short QT Syndrome. Their cohort of 61 cases was
predominantly male (75.4%) and had a mean QTc value of 0.306 s with values ranging from
0.248 to 0.381 s in symptomatic cases. For Gollop et al., the overall median age at clinical
presentation was 21 years (adulthood) [IQR: 17-31.8 years) with a value of 20 years (IQR:
17-29 years) in males and 30 years (IQR: 19-44 years) in females].

These authors developed the ECG characteristics of the general population, and in consider-
ation of clinical presentation, family history and genetic findings, a highly sensitive diagnostic
using a scoring system.

This “scoring system” includes:

QTcin ms

<370 1
<350 2
<330 3

J point-T peak interval

<120 1
Clinical history

Sudden cardiac arrest 2
Polymorphic VT or VF 2
Unexplained syncope 1
Atrial fibrillation 1
Family history

First or second degree relative to SQTS 2
First or second degree relative to sudden death 1
Sudden infant death syndrome 1
Genotype

Genotype positive 2
Mutation of undetermined significance in a culprit gene 1

Patients are deemed high probability (> 4 points), intermediate probability (3 points) or low probability (< 2 points).
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QT interval corrected for heart rate

053 T
:::; o+ Bazet's formula
i 0.47 T\ = Frdericias formula
5 :.: " ~o--0.02 for every +10 bpm
E 0.41
039
% 2037 ~
! 036 \$
033 %"‘E_
; 0,31 = —
n T
e =

0 5 60 70 8 9 100 110 120 130 140
Heart rate (bps)

Figure 2. Boston Diagram.

Of all the current layouts, this is the one we consider as the most reliable and the most accurate.

We have seen cases of a short QT interval (QTc < 0.350 s) in asymptomatic patients and with-
out a positive family history thereto for congenital (and non-genetic) character.

We also think it is worthy to mention an interesting paradoxical ECG phenomenon called
deceleration-dependent shortening of QT interval (shortening of QT interval associated
with a decrease in heart rate); this should also be considered in a differential diagnosis
[1-3].

In order to know precisely if the corrected QT value—by the different existing formulas—is in
ranges, we use the Boston diagram (Figure 2).

4. The Breijo pattern

Aswehave mentioned earlier, the first case of Breijo pattern was published in the International
Journal of Cardiology in 2008.

The patient was a 37-year-old male, born in Mexico, D.F.

Since his childhood, he had suffered from tonic—clonic seizures and was treated with antiepi-
leptic drugs (concretely with valproic acid) but without any epileptogenic focus showing up
on his electroencephalogram.
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Since then, the patient referred multiple accesses of nocturnal palpitations, accompanied by
intense sweating that wet the pajamas. Feelings of gait instability. He liked to play sports, but
at the minimum effort, he felt severe palpitations that impeded him from continuing with it.

The patient was anxious about his heart and visited numerous specialists in the field. He
underwent a lot of diagnostic tests, and all of them were considered normal. The doctors
believed him to be a patient with intense anxiety and hypochondriasis.

In two occasions, the patient suffered two syncope events that were considered vase-vagal
etiology.

A thorough compilation of patients with this kind of symptoms such as infantile convulsions
non-responders to conventional treatments, bouts of nocturnal tachycardia with sudden char-
acter, and syncopal events related to the effort.

An exhaustive study of personal antecedents, as well as your current clinical situation, was
performed.

An exhaustive measurement of intervals, segments, and electrocardiographic waves. Measure-
ment technique: MioLaserTool®, Pixruler® & Cardiocaliper®.

By way of example, we will expose the following case: A 37-year-old man with much noc-
turnal tachycardia crisis (since childhood) and three syncopal events observed and related to
physical stress. In his family background, two sudden deaths were found: father died at age
55 of sudden cardiac, and a brother died at 22 months by sudden infant death.

He was diagnosed in his Reference Hospital (where he was transferred by emergency ser-
vices) with supraventricular tachycardia to 195-200 beats/min (Figure 3), with narrow QRS

Rapaspe veleo,: 2% mmie Klaab: 10 maSeY Freo.: 10 meSek Foa0= @, 8=150 N W PEOROA. ¥
PHILIPS

Figure 3. The full basal electrocardiogram tracing.
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complexes. Severe diaphoresis, with the paleness of skin and mucous. A severe arterial hypo-
tension to 90/50 mm Hg. Cardiac auscultation was in normal ranges but with a rapid rhythm.
Tachypnea to 20 cycles/min. A grade Stuporous (Glasgow 15/15). The neurological examination
was within normal ranges without focalizations. Central and peripheral pulses were palpable,
symmetric, and synchronous in “frecuens”. Supraventricular tachycardia disappeared using
the administration of two doses of Adenosine i.v. in bolus, with six mgrs. Each one in 1 min
(Figure 4). A hospital discharge was made after full stabilizing of acute process and patient
was derived from your cardiologist outpatient, with the following diagnosis. A paroxysmal
supraventricular tachycardia and Crisis of anxiety. The patient was transferred to our hospital
because he had a similar event as the exposed, after the first visit with his outpatient cardi-
ologist. There, the patient was adequately assessed with electrocardiogram, echocardiogram,
blood levels of ions, and cardiac markers as well as electrophysiological study (EEF) (Figure 5).
He was negative for high levels of Troponin (I-T), CK, CPK-MB; however, he was positive for
low levels of lithium-ion (<0.1 mEq/L).

Nevertheless, in an in-depth and careful study of his basal electrocardiogram, we were able to
assess the existence of a short PR and QTc interval.

Below, we present the first electrocardiogram of the patient that we were able to assess.

(Despite the fact that we practice a full series of tests on the patient, the most significant in this
exposure is the electrocardiography and the Holter studies).

QT interval corrected for heart rate
0,53 T
::;*\ —+— Bazett's formula
0.47 k\\ -2~ Fridericia's formula

045 -o~-0.02 for every +10 bpm
0,43
041
039
0.37

0,35 &

0,33 ==
0.3
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Upper limit of normal QT interval

4|l

40 S 60 70 80 90 100 110 120 130 140
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Figure 4. Graphic representation of the value obtained on the Boston diagram.
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Figure 5. Same features as in Figure 1. PQ-interval: 0.100-0.110 s = Short PQ-interval. QTc (Bazzet) 0.339-0.340 s (<
0.350 s) = Short QT-interval. QTc (Fridericia) 0.332 s (< 0.350 s) = Short QT-interval.

In 60 bpm can be seen the short PR-interval (< 0.120 s) together in the short QT-interval
(<0.350 s.). Chiefly in inferior and precordial leads.

On the Boston Diagram, it would be (red marked).

5. Differential diagnosis

A differential diagnosis is imperative for any electrocardiographic entity that has a shortened

PR interval.

These are fundamentally.

1. Wolff-Parkinson-White (W P W).

2. Lown-Ganong-Levine (LGL).

3. Mahaim.

Entity PR-interval QRS complex QTc-interval
WPW Short Wide (d-wave) Normal
LGL Short Normal Normal
Breijo pattern Short Normal Short
Mahaim Normal or short Normal or wide Normal
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Figure 7. Electrocardiographic and arteriographic imaging of Takotsubo syndrome.
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Differential diagnosis, based on the characteristics of the different intervals and complex.

This “Breijo pattern” we have assessed both in isolation and in association with other kinds of
cardiac pathologies such as “Wellens Pattern”, Wolf-Parkinson-White syndrome and in “Takotsubo’s
Disease” as can be seen in Figure 6.

The “Broken heart syndrome” (Takotsubo) and the Breijo pattern are correctly appreciated in
Figure 7 [12, 13].

We have also known the existence of a Wolf-Parkinson-White syndrome associated with an elec-
trocardiographic Breijo pattern, as can be seen in Figure 8.

Figure 8. A WPW alongside a Breijo pattern can be perfectly seen in the image [14, 15].

RR |D.8823529411 Thzeq

QTc (Rautaharju) [390 mseg
QTc (Bazett) |347 mseg
QTc (Framingham)|326 mseg
QTc (Friderica) 339 mseg
QTC (Call) 1342 mseg

Table 2. Assessment of the values obtained according to the different formulas used.
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Figure 9. A full electrocardiogram performed with a Breijo pattern, in a male person.

6. Some significant images typical of the Breijo pattern

A typical image of a Breijo pattern in precordial left leads (Table 2).
Measured PR interval: 0.988 s.

Calculated QTc interval:

In the Boston diagram at 68 bpm.

** Square in red.

The last electrocardiogram performed with a Breijo pattern, in a male person who unfortu-
nately died due to not being able to be recovered from a sudden death.

The electrocardiographic tracing was considered as within acceptable limits and his doctors
decided to send him home (Figure 9).

PR interval value: 0.89 s (Very short).
Measured QTc value: Between 0.356 and 0.334 s very short).
In a nutshell, we can say the following about Breijo pattern as conclusions:

1. Although relatively little known so far, it is increasingly being discovered in ECG tracings
that at first glance may appear normal.
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2. The accurate reading of the ECG tracing must be of mandatory compliance. Despite the
fact that symptoms referred by patients may be slight.

3. Itis usually characteristic fact that most of the patients with a Breijo pattern have suffered
in their childhood from seizure crisis without any focus of epilepsy being observed in all
the assessed electroencephalography studies.

4. The most harmful consequence of the Breijo pattern is the sudden cardiac death, which,
although fortunately does not occur often, can happen.

Summarizing:
¢ Itisimperative to always take into account each and every symptom that a patient refers to,

however slight they may seem to us. Especially if they are repetitive.

* Any patient who comes to our hospital with symptoms of nocturnal palpitations (which
causes him/her to wake up from normal sleep), especially if they are accompanied by pro-
fuse sweating, nausea or throwing up, atypical thoracic discomfort as well as symptoms
considered as mild or psychosomatic, especially if they are repetitive, should be evaluated
in depth, without leaving any diagnostic elements ignored.

* Any patient with such characteristics must have a thorough examination of his or her back-
ground. Especially focused on the existence of syncopes or lost consciousness, as if the pa-
tient has suffered from convulsions in childhood, treated with antiepileptics and without
focus electroencephalographic epileptogenic that can justify it.

* Carrying out an electrocardiographic study is imperative.

Assessing each and every one of its parameters. Making special emphasis on the lengths of
the waves, intervals, and segments.

* The presence of a Breijo electrocardiographic pattern makes the heart much more vulner-
able to severe arrhythmias and even sudden cardiac death.

¢ Whenever we find ourselves on an electrocardiogram with a short PR and QTc interval, we
must be very alert and careful with the patient.

¢ Lithium levels in blood must be obligatorily assessed, since all patients with Pattern Breijo
have low or very low levels.
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Abstract

Central venous catheter (CVC) placement or peripherally inserted central catheters are
a common bedside procedure, which is frequently performed in critically ill neonates.
Even though it is a routine procedure in the neonatal critical care unit, it is not uncom-
mon to have complications related to it. Due to the smaller size of the heart in neonates
and premature infants, the usual anatomic landmark and distance from the insertion site
may not be accurate. As they are commonly performed at bedside, fluoroscopic guidance
would not be possible. In this chapter, we describe common cardiac arrhythmias induced
by these CVC lines and practical tips to avoid these complications. Proper measurement
with correct technique, proper fixation and vigilant watching for migration will reduce
the incidence of these complications. It is mandatory that all bed side intensivist should
think of central line induced arrhythmias in an ICU settings and should identify and treat
it appropriately.

Keywords: central venous catheter, PICC line, UVC, cardiac arrhythmia, atrial flutter,
SVT, adenosine

1. Introduction

Central venous catheter (CVC) placement or peripherally inserted central catheters (PICC) are
a very common bedside procedure in the neonatal intensive care unit (NICU). It forms the vital
part of the ongoing management of preterm and sick term neonates. Though this has many
advantages, it is not uncommon to encounter complications associated with the central lines. The
main advantages of PICC lines include attainment of minimal handling, a long-term intravenous

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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access for parenteral nutrition, the ability to transfuse hyperosmolar fluids, the opportunity to
inject important drugs with PH less than 6 (e.g., vancomycin) or more than 8 (e.g., phenytoin)
and continuous infusions like prostaglandins, irritants (calcium gluconate) and extended antibi-
otic therapy [1, 2, 11, 12]. These PICC lines are made of silicone or polyurethane. The preferred
site of insertion is from the antecubital vein, cephalic vein, basilic vein or the long saphenous
vein. The goal is to place the catheter tip at the level of superior vena cava (SVC) or inferior vena
cava (IVC). The optimal placement of PICC lines in SVC should be 0.5-1 cm away from the car-
diac silhouette in preterm and 1-2 cm away from the cardiac silhouette in term neonates [1]. This
could help us in reducing the dreadful cardiac complications induced by PICC lines. All neonatal
intensivists involved in taking decisions for insertion of central venous catheterization such as
PICC or umbilical venous catheterization (UVC) should be aware of potential risk factors for
complications. This helps to prevent or minimize the complication rate.

The aim of the chapter is to describe the common complications of central venous catheter
with focus on arrhythmic complications. The timing and proposed mechanisms of malpo-
sitioned intracardiac catheter-induced arrhythmias are also explained. Common types of
arrhythmias (atrial flutter and supraventricular tachycardia) secondary to the intracardiac
catheters are explained with an outline of its basic management. Finally, practical tips are
discussed to minimize the arrhythmic complications of central venous catheters.

2. Complications of centrally placed venous catheters

Any venous catheters tip placed in the lower half or lower one-third of SVC/at or above the
level of the diaphragm in IVC is called as centrally placed venous catheters, which commonly
includes PICC line/umbilical venous catheter.

Above are the X-rays showing PICC line in an accepted position (Figure 1), PICC line in the
right atrium (Figure 2), and PICC line looping within the cardiac chamber (Figure 3).

Although it is a common procedure in the neonatal critical care unit, it is not uncommon to
have complications related to it. Due to the smaller size of the heart in neonates and premature
infants, the usual anatomic landmark and distance from the insertion site may not be accurate.
As they are commonly performed at bedside, fluoroscopic guidance would not be possible.

There are only a few randomized control clinical trials for PICC line use in neonates. The pre-
cise rate of complications of central venous catheters in neonates is unclear due to underre-
porting [5]. The reported incidence of PICC line induced complications from a compilation of
various case reports varies from 0 to 33% [3]. Complications can be due to mechanical, vascular,
cardiac and/or miscellaneous reasons. The most common mechanical complications are occlu-
sion (reported as 30%), which can be minimized by inserting the smallest catheters into the
larger veins. Vascular complications include phlebitis, bleeding from the insertion site, extrav-
asation, and catheter-related venous thrombosis. It can be reduced through the atraumatic
catheter insertion technique (slow and controlled technique), good compression immedi-
ately after insertion and accurate placement of the catheter in the vena cava [3, 5]. Migration
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of a properly placed catheter is not unusual to encounter and it may precipitate significant
arrhythmias. A prospective study of 100 PICCs where catheter tip was evaluated at 24 h of
post insertion revealed that 32.6% of catheters are migrated toward the heart and migration
is more common in upper extremity PICC lines (47%) [4]. Peripheral dislodgement of cath-
eters, catheter damage, catheter leakage/breakage and catheter fractures can occur. The above
complications can be decreased with proper, transparent fixation of catheter end and more
importantly fixation of its extension set [3]. Cardiac tamponade, myocardial perforation, and
valve injury are commonly associated with curved or kinked intracardiac placement of cen-
trally placed catheters. These complications can be minimized by making sure that the catheter
tip is straight before insertion and most importantly adjusting the catheter position outside the

Figure 1. PICC line—optimal position. Chest X-ray showing right PICC line in SVC—0.5 cm away from the cardiac
silhouette an optimal position.

Figure 2. PICC line in the right atrium. Chest X-ray showing right PICC line in the right atrium.
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Figure 3. PICC line with intracardiac looping. Chest X-ray shows left PICC line passed superior vena cava, got looped
in right atrium.

cardiac shadow immediately after taking X-ray. After adjustment of the catheter tip, confirma-
tory X-ray is mandatory. Massive pleural effusion and pericardial effusion has been reported
following an inappropriately placed PICC lines [1, 14].

3. Arrthythmic complications of PICC line

The innate properties of neonatal myocardium predispose to different types of arrhyth-
mia. Cardiac arrhythmias are rare but potentially life-threatening. Hence, should be iden-
tified and intervened immediately by the bedside neonatologist, especially when it occurs
with an indwelling central venous catheter. Even though many neonatal literature mentions
about the risk of arrhythmias with centrally placed catheters in neonates, the incidence is less
known. Until now 16 cases of central venous catheter-induced arrhythmias are reported, with
tachyarrhythmias being the commonest form. The most common arrhythmias reported so far
are atrial flutter (8/16) and supraventricular tachycardia (7/16) [6, 7].

3.1. The timing of arrhythmias with the central line

Arrhythmias may occur anytime, from the time of insertion of central catheters till the time
of withdrawal (Table 1).

1. Procedural phase: due to advancement beyond SVC. It commonly happens due to improp-
er measurement. Willful over advancement of the catheter into the intracardiac chamber
with the hope to withdraw the catheter after radiographic confirmation is one of the com-
mon practices which should be forbidden.

2. Securing phase—migration to the intracardiac chamber can occur due to handling during
the time of fixation.



Central Venous Catheter-Induced Cardiac Arrhythmias in Neonates
http://dx.doi.org/10.5772/intechopen.74559

3. Anytime at the indwelling phase due to migration/dislodgement of central venous
catheters.

Cases were documented from within few minutes after insertion till 47 days post insertion of
central venous catheter (CVC) [16, 17].

3.2. Proposed mechanism of arrhythmia induction

Typically the etiology lies on inappropriately placed intracardiac catheters in all the cases.

The possible mechanisms are

1. Direct contact of the catheter with SA node/atrial musculature: direct contact may induce
a triggered activity or increased automaticity. For example, direct contact with the endo-
cardium may induce few premature atrial beats, which in the presence of an accessory
pathway or dual AV node pathway may trigger a SVT.

2. Mechanical irritation of intracardiac chambers (especially atria) during the passage: this
will predispose to the development of an accessory or re-entrant pathway [6].

3. Subsequent edema and inflammation —would prolong the duration of arrhythmia which
may explain the presence of arrhythmia for few days even after withdrawal of catheter
away from the heart.

3.3. Types of cardiac arrhythmias induced by intracardiac central venous catheter

Malpositioned, migrated or inappropriately placed central venous catheter can cause a wide range
of arrhythmias ranging from tachyarrhythmias to bradyarrhythmias as mentioned in Figure 4.

3.3.1. Tachyarrhythmia

Tachyarrhythmias are abnormal fast rhythms originating from atria or from ventricles of
the heart. With intracardiac indwelling catheters, tachyarrhythmias are more common than
bradyarrhythmias. Recognition of tachyarrhythmia is crucial for any intensivist. If not iden-
tified in time, it may end up with congestive cardiac failure due to significantly compro-
mised cardiac output due to incessant tachycardia. Cardiogenic shock may happen due to

Serial Time phase Possible reason
number
1 Procedural phase 1.Improper measurement

2.Willful over advancement
2 Secure phase Migration of catheters can happen due to handling at the time of fixation

3 Indwelling phase Migration and dislodgement

Table 1. Timing of development of arrhythmias with central line.
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Tachyarrhythmia- can be from the ventricles or

The Atrium

Arrhythmic complications

Brady arrhythmia- Due to dysfunctional
Automaticity in pacemaker cells or blocking of the

Impulse along the conduction system.

Figure 4. Types of Cardiac arrhythmias induced by centra lines.

Age Awake rate (bpm) Mean Sleeping rate

Newborn to 3 months 85-205 140 80-160

Table 2. Normal heart rate variations in neonates.

prolonged myocardial hypoxia. It manifests as effortless tachypnoea, tachycardia (earliest
sign), poor perfusion, prolonged capillary refill time, bilateral crepitations and hypotension
(late sign).

Knowledge of normal heart rate is essential before diagnosing any tachyarrhythmia. Normal
heart rate varies in newborn widely (Table 2).

Normal sinus rhythm: normal heart rate for a newborn varies from 120 to 205 in an awake
state. Normal sinus rhythm is characterized by upright P wave in lead I and a VF which is
followed by narrow QRS complexes.

3.4. Classification of tachyarrhythmia

Tachyarrhythmia is classified into supraventricular tachycardia/atrial tachyarrhythmia, junc-
tional tachycardia and ventricular tachycardia depending on where the arrhythmic impulses
emanate from (Figure 5). Any of the mentioned tachyarrhythmia depicted in Figure 5 can
occur due to above-mentioned mechanisms.

For clinical purpose, tachyarrhythmias are classified based on QRS complex in the ECG
(Table 3).

The essential part of treating any tachyarrhythmia is based on differentiating different types
of tachyarrhythmia like sinus tachycardia, supraventricular tachycardia, atrial flutter and
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Figure 5. Types of Tachyarrhytmias.

Narrow QRS complex (<80 ms) Wide QRS complex (>80 ms)

1.Sinus tachycardia 1. Ventricular tachycardia

2. Atrial flutter 2.Supraventricular tachycardia with aberrant conduction

3.Supraventricular tachycardia

Table 3. Clinical classification of tachyarrhythmias.

ventricular tachycardia. The management is different for each type of tachyarrhythmia.

Important arrhythmias induced by central lines are described here, explaining other rare
forms are out of the scope of this chapter.
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3.4.1. Sinus tachycardia

Sinus tachycardia can arise at the rate of 180-220 bpm. It arises due to stimulation of SA
node typically due to body’s response to the need of increased cardiac output. It can arise in
response to any stress, pain, hyperthermia, anemia, commonly used drugs like caffeine and
more. It must be differentiated from other pathological causes by means of Normal P waves,
variable R-R interval, constant PR interval, precipitating factors like fever, sepsis, and failure
to respond with vagal maneuvers.

3.4.2. Atrial tachycardia

Atrial tachycardia arises when the impulses emanate from the atrium, specifically the right
atrium. Atrial excitations have a very low threshold potential in preterm infants. Thereby
whenever irritated by any mechanical stimuli, for example, a central venous catheter, atrial
tachyarrhythmia occurs more often. The true two forms of atrial tachycardia are atrial flutter
and atrial ectopy.

3.4.2.1. Atrial flutter

Atrial flutter is the common rhythm induced by the intracardiac position of PICC line and an
awareness of this pattern is crucial for a neonatologist. Atrial flutter is best described by regu-
lar rapid atrial rates of 240-360 beats/min. The electrocardiogram (ECG) will show a regular
rhythm with a sawtooth pattern of P waves otherwise known as the typical flutter waves. It
is best seen in lead II, lead III and aVF leads with a long strip ECG. The QRS complex will be
narrow if there is no aberrant pathway (Figure 6).

In neonates, atrial flutter commonly causes 2:1 AV conduction block. It may also cause vari-
ous degrees of AV block. Atrial flutter in a non-catheter related context is less common than
SVT. So it is potentially prone to under-recognition. A 12-h time of incessant tachycardia is
enough to decompensate the hemodynamic status of a neonate. The chances of developing
cardiac failure depend on the duration of arrhythmia, structural nature of the heart and ges-
tational age rather than the rate alone. One has to quickly recognize atrial flutter and able to
differentiate from SVT as the treatment option varies for both, with synchronized cardiover-
sion for atrial flutter and adenosine for SVT [7, 8, 17].

Management depends on proper identification of atrial flutter, assessing the hemody-
namic status of the neonate and recognition of treatable causes. As the arrhythmia occurred

Il

Figure 6. Atrial flutter. Lead II ECG: sawtooth flutter waves.
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secondary to the malposition of the catheter, the first step of management should be to pull
back or even remove the catheter. If the neonate is hemodynamically unstable, the best
treatment option will be synchronized cardioversion with a dose of 0.5 J/kg. If the neonate
is hemodynamically stable, digoxin therapy can be used as a first line management. The
response rate for digoxin is roughly around 33%. Many times atrial flutter needs perma-
nent reversion to DC cardioversion. Intravenous adenosine can be used to terminate the
arrhythmia which uncovers a flutter in SVT. Occasionally esophageal overdrive pacing may
be required [7, 8, 17].

3.4.2.2. Supraventricular tachycardia (SVT)

Narrow complex SVT is the most common type of hemodynamically significant arrhythmia
in neonates. With better modes of detection and high index of suspicion, the incidence of SVT
is now estimated to be 1 in 200-250 neonates. In SVT the impulses are originating proximal to
the bundle of His. The typical infant who has SVT has a regular R-R interval, with rates often
greater than 230 beats/min and commonly 260-300 beats/min. The atrial and ventricular rates
are equal. They are further sub-classified by the inducing mechanisms into either automatic
or re-entry. Most SVTs are re-entry type atrioventricular SVTs utilizing an accessory pathway.
Commonly the impulses travel down the AV node and retrogradely up the accessory path-
way (Figure 7) [15, 16].

Management depends on the hemodynamic status of the neonate. As the arrhythmia occurred
secondary to the malposition of the catheter, the first step of management should be to pull
back or even remove the catheter. If the neonate is relatively stable, the next step is to stop
the re-entry loop (as most of the neonates with SVT have atrioventricular re-entry tachycar-
dia) by inducing vagal maneuvers. One can perform vagal maneuvers like keeping crushed
ice inside two plastic bags and place the ice pack over the face carefully for few minutes.
Oropharyngeal suction can be used to stimulate the vagus. The use of vagal maneuvers in
neonates are controversial, but still one can use for buying time of adenosine preparation.
Pressure on eyeballs and carotid sinus massage should not be attempted in neonates, as this
may cause retinal detachment and cerebral ischemia [6, 15, 16]. If tachycardia persists, the
initial step of management is stabilizing the neonate (intubation/assisted ventilation/check
the blood pressure and do ABG) followed by administration of intravenous adenosine.
Adenosine can be given in a starting dose of 0.05 mg/kg and can be increased by 0.05 mg/kg
up to 0.25 mg/kg. The dosage can be increased up to 0.3 mg/kg for recalcitrant cases with a
cardiologist approval. Recent literature suggests the starting dose of adenosine as 0.1 mg/kg
with the maximum of 0.5 mg/kg [8, 9].
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Figure 7. Supra ventricular tachycardia. Lead II ECG: absent P wave, narrow QRS complex and constant R-R interval.
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3.4.2.3. Relevant facts about adenosine

1. Adenosine is an endogenously available purine nucleoside.

2. Itis a rapidly acting (onset within 20 s) drug with a short half-life of less than 10 s as it is
metabolized rapidly by adenosine deaminase.

3. It slows the conduction through atrioventricular node and thereby interrupts AV re-entry
pathways and restores normal sinus rhythm within 20 s of its administration.

4. Before giving adenosine place the neonate in mild reverse Trendelenburg position with
continuous ECG monitoring.

5. Adenosine must be given as a rapid injection (within 3 s) by peripheral intravenous route
directly to the vein. Select the vein which is more proximal to the patient. Injection should
be followed by rapid normal saline flush (5 ml or more).

6. After conversion of sinus rhythm by adenosine, always save and check the ECG strip for
concealed pre-excitation.

7. If the correct technique is followed, adenosine will terminate 85-93% of SVTs caused by a
re-entry mechanism.

8. Adenosine is a safe and effective drug with minimal transient side effects. The side effects
include flushing (18%), changes in respiration, rarely short bradycardia, hypotension, and
sweating may occur. Very rarely, short complete AV block can occur.

9. Adenosine will not terminate the atrial tachycardia. However, it produces transient AV
block which may help to detect atrial flutter (Table 4) [8, 9].
3.5. Bradyarrhythmia

As depicted in Figure 8, bradyarrhythmias may occur either due to contact/injury to the sino-
atrial node (SA node) or the atrioventricular node (AV node). So far bradyarrhythmias as
complications of central venous catheters are not reported but can happen.

3.5.1. SA node

Bradyarrhythmia can occur as a result of SA node dysfunction due to direct injury by the
catheter and it can cause complications ranging from first-degree block to sinus arrest.

Fetal period SVT and atrial flutter

Neonatal period (generally, they are benign) Premature atrial complexes (PAC)
Neonatal period (pathological cause) Narrow complex SVT

Indwelling catheter in situ Atrial flutter

Table 4. Commonly encountered tachyarrhythmia in fetal/neonatal period.
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| Degree block

SA Node —— |l Degree block

Sinus arrest

Bradyarrhythmia

| Degree AV block

AV node

—» |l Degree AV block

lll Degree AV block

Figure 8. Types of Bradyarrhythmias.

Bradyarrhythmias can be benign but however, acutely unstable bradycardia can lead to car-
diac arrest. Management includes identification and correction of reversible causes, pharma-
cotherapy, and rarely cardiac pacing.

3.5.2. AV node

AV nodal conduction disturbances can occur due to endocardial irritation by the catheters. It
can lead to bradycardia ranging from first degree to third degree AV block.

4. Practical tips to minimize the arrhythmic complications

1. Measure the length of intravascular placement of a catheter for each neonate and docu-
ment it properly in the case record. If possible, double check it with another physician.

2. Traditional measurements for PICC line insertion length are based on straight line measure-
ments with bony points using inch tape. These measurements are commonly overestimated,
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10.

11.

which leads to more advancement of PICC line. This can be avoided by using rope method
of measurements (can use a nasogastric tube or any flexible tubes) along the course of
veins applicable to lower and upper extremity veins.

Before insertion, make sure the catheter tip is not bent or curved, which is proposed to
cause more damage to the vessel wall and vascular erosion. If the catheter is inappropri-
ately placed in the intracardiac position, it can cause pericardial tamponade and pleural
effusion secondary to the curved catheter.

Central venous catheter insertion should be done under strict cardiac monitoring with
properly placed ECG leads. Performing physician should monitor the ECG wave patterns
carefully especially while introducing the catheter beyond brachiocephalic vein. If any
mild changes are observed in the ECG, the catheter should be withdrawn immedjiately.

If the introducer feels the cardiac pulsations in the catheter or the slightest resistance dur-
ing the pathway, the catheter should be withdrawn immediately.

Fix the catheter with the exact measurement. One should avoid increasing 1 or 2 cm more,
assuming that can later withdraw it after confirming the position with X-ray.

Confirmation of catheter positioning with radiography should be done immediately after
the insertion of catheters. Optimizing a good position of the neonate is mandatory (Table 5).

The interaction between the neonatal posture, and radiological catheter position is well
explained in advances in neonatal care.

Always aim to place the catheter in an optimal position. The ideal position is 0.5-1 cm away
from the cardiac outline in preterm and 1-2 cm away from the cardiac outline in term neo-
nates. Confirmation by ultrasound is upcoming and it is welcoming advancement in neona-
tal care [15]. Real-time ultrasound has been shown to have good diagnostic utility in com-
parison with X-ray with sensitivity of 95-96.5% and specificity of 100% in neonates [18-20].

Know the catheter tip position. Identify it in each X-ray and if it needs adjustments, per-
form the amendments. Do not ever forget to document it.

Prevention of catheter migration is at most important by application of the secure trans-
parent dressing. Secure it with proper measurement and document the external catheter
length. External length needs to be verified in each shift. Proper hand over by the con-
cerned staff nurse is mandatory to notify the migration early. Repeated pump occlusion
alarms could be a sign of migration [13].

Arrhythmic complications can occur anytime from the time of insertion to the time of
removal of catheters. Any neonate with the catheter in situ developed arrhythmia could

Upper extremity X-ray Keep both arms and forearms straight Over the sides of the neonate

Lower extremity X-ray Keep both legs straight

Table 5. Ideal positions for X-rays pertaining to different sites of PICC line [10].
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be due to the migration of catheter until proved otherwise. So check for migration, verify
the external length and immediately withdraw the catheter. Confirm the position with
an X-ray, check for kinking, curving and looping which is potentially dangerous as it can
induce pericardial tamponade.

Vigilantly look for catheter migration whenever the critical neonates are on high-frequency
ventilation.

Take precautions while handling for ultrasonography, daily weight check, the neonatal
transfer for any cause, pre and post-operative periods and any invasive procedures which
need more manipulation of neonates.

Ultrasound-guided insertion of central lines (PICC or UVC) is more reliable, safe and
effective when compared with the blind procedure.

While inserting the PICC line turn the head of the neonate toward the ipsilateral side of
insertion as it prevents the entry of PICC line into the jugular veins.

5. Conclusion

Cen

tral line insertion is a very common bedside procedure in NICU setup, it is not uncom-

mon to encounter complications. Although there are various complications related to PICC

line

insertion, arrhythmic complications are preventable by exact measurements along the

venous course, avoidance of willful over advancement of the catheter, prevention of migra-

tion

and early detection of migration and adjusting the catheter tip properly. Ultrasound-

guided insertion of catheter and placement of catheter tip using real-time ultrasonography is
a welcoming advancement to minimize arrhythmic complications. Worldwide, the reported
incidence of arrhythmic complications published in the literatures are few.

Abbreviations

CcvC central venous catheter

PICC peripherally inserted central catheter
uvC umbilical venous catheter

AF atrial flutter

SVT supraventricular tachycardia

NICU neonatal intensive care unit

IvC inferior vena cava

sSvC superior vena cava
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PAC premature atrial complexes
SA node sinoatrial node

AV node atrioventricular node

ECG electrocardiogram
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Abstract

Toxicomania is a worldwide emerging problem threatening young population. Several
reports highlighted its hazardous cardiovascular effects. Sudden cardiac death second-
ary to cardiac arrhythmias is the most occupying issue. Different forms of cardiac rhythm
disorders may be induced by illicit drug abuse according to the type of drug and the
mechanism involved. In this review, we exposed the main ventricular and supraven-
tricular arrhythmia complicating the common recreational drugs, and we explained their
different mechanisms as well as the particularities of management.

Keywords: cardiac arrhythmias, illicit drugs, management, mechanism

1. Introduction

Toxicomania is a worldwide health and social problem. In 2015, the World Health
Organization estimates that 255 millions of people are drug users and more than 10% of
them have health disorders [1]. In Tunisia, the issue is more complicated as drug abuse
begins at a very early age, affecting 4.2% of students aged between 15 and 17 years old [2].
This finding results in a chronic use and a more accumulation of these substances leading
to serious health complications, among which cardiovascular ones are the most occupying
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mainly acute coronary syndromes and rhythm disturbances resulting in more and more
reported young’s sudden cardiac deaths [3].

Most of the researches have focused on mental health effects and neurotoxicity of illicit drugs.
Some of them were interested to cardiovascular dangers in general, and they were almost
cases or series reports. The current review will focus on the topic of cardiac arrhythmias sec-
ondary to drug abuse in which we will explain their different mechanisms and principles of
management.

2. Cocaine

This “white powder,” extracted from coca leaves, is not only one of the oldest known stimu-
lants but also the most known cardiotoxic illicit drug.

Several cases and series of sudden death, in the hours following cocaine consumption, were
reported. The main likely cause is cocaine-induced arrhythmia [3].

Four mechanisms are implicated in the genesis of arrhythmia in case of cocaine intoxica-
tion: sodium channel blockade, potassium channel blockade, catecholamine excess, and
finally myocardial infarction (MI) and myocarditis [4]. Recently, sinus bradycardia has been
described as a result of chronic cocaine use [5-7] that may be related to a cocaine-induced
desensitization of beta-adrenergic receptors [6].

The main measure for patients suffering from cocaine-induced arrhythmia is withholding the
drug and referring to a detoxification center to prevent recurrent events. In addition, specific
strategies should also be conducted according to the type of arrhythmia.

2.1. Sodium channel blockade

¢ Wide QRS tachycardia related to sodium channel blockade and reentry ventricular
tachycardia

First, the blockade of fast inward sodium channels by cocaine is well described as a class IC
effect according to the Vaughan-Williams classification of antiarrhythmic agents. Modulators
of the effect of cocaine are increased in heart rate and decreased in pH which increases the
degree of sodium channel blockade [8].

Electrocardiographic (ECG) manifestations mimic those of other sodium channel blockers,
drugs and toxins, as tricyclic antidepressants. These manifestations depend on the degree of
intoxication. In fact, early and minimal toxicity results in the impairment of conduction on the
right side leading to a rightward axis deviation and QRS duration prolongation, and then, as
toxicity increases, a right bundle branch block (RBBB) appears in the precordial leads (Figure 1).
This pattern associated with sinus tachycardia, often shown in case of cocaine intoxication, may
be confused with a true ventricular tachycardia resulting from a reentry or focal mechanism
that can also complicate cocaine intoxication as reported in many series [4, 9, 10].
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Figure 1. ECG performed after a wide QRS tachycardia cardioversion showing a complete right bundle branch block in
a 38-year-old man with 10 years use of cocaine.

To manage this wide QRS tachycardia related to sodium channel blockade, general mea-
sures should rapidly be initiated. Oxygenation and ventilation should be optimized, and
rapid cooling should be initiated when extreme hyperthermia is present. Sedation with a
benzodiazepine is indicated to control behavior, to lower heart rate which may be sufficient
to improve conduction and for its antianginal effects in patients with cocaine-associated acute
coronary syndrome [4, 11].

This electrocardiographic manifestation, occurring in case of acute intoxication and mediated
by pH decrease, is reversed by hypertonic sodium bicarbonate [8, 12, 13]. In case of persis-
tence of this tachycardia with abnormal QRS prolongation, antiarrhythmic drugs should be
administrated. Class IA and class IC antiarrhythmic drugs are classically contraindicated as
they may potentiate QRS enlargement via a synergistic action on sodium channels. In con-
trast, lidocaine (class IB) can compete with cocaine for binding to the sodium channel, and it
has a rapid offset responsible for the decrease in QRS duration. However, it was suggested
that lidocaine exacerbated cocaine-associated seizures and arrhythmias as a result of similar
effects on sodium channels [14]. Beta-blockers are contraindicated in case of cocaine intoxi-
cation as they exacerbate coronary vasospasm resulting in an increased risk of myocardial
infarction [11]. No data exist concerning the efficacy of amiodarone in clinical cocaine intoxi-
cation [11].

¢ Brugada-like pattern

Moreover, a classic Brugada pattern has been noted in cocaine users, as seen with class IA
antiarrhythmic drugs [15, 16]. It is quite likely that these patients express a sodium channel
mutation described in association with Brugada abnormality and that the sodium channel
blocking properties of cocaine made the patients” underlying physiological abnormality more
evident [4]. Recently, El Mazloum et al. reported four cases of out-of-hospital cardiac arrest
after acute cocaine intoxication associated with Brugada ECG patterns [17].
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Cocaine abuse should be stopped. Mostly, ECG reverts toward normal as toxicity resolves
[13]. Otherwise, sudden cardiac death risk should be evaluated, and implantable cardioverter
defibrillator should be discussed in coordination with cardiac electrophysiologists.

2.2. Potassium channel blockade

Cocaine is known to block the rectifying potassium channels resulting in QT interval pro-
longation and hyperpolarization leading to early and late afterdepolarizations. If an after-
depolarization of significant magnitude occurs at a time when a critical number of cells can
conduct an impulse, an ectopic beat can trigger a reentrant rhythm, and monomorphic ven-
tricular tachycardia or torsades de pointes (TdP) occur [18-21].

Management of TdP and QT prolongation resulting from cocaine-associated potassium chan-
nel blockade is similar to those from other causes. In fact, for QT prolongation, electrolytic
abnormalities, mainly hypokalemia and hypomagnesaemia, should be identified and rap-
idly corrected. Prophylactic magnesium is also suggested in patients with QT interval above
500 ms [4]. In case of TdP, magnesium, potassium replacement, and even overdrive are the
main treatments. QT prolonging drugs should be withheld [4, 22].

2.3. Catecholamine excess

The common acute effect of cocaine is to block the presynaptic uptake of dopamine, norepi-
nephrine, and epinephrine, resulting in an augmented level of these neurotransmitters at the
postsynaptic terminal, producing an exaggerated catecholamine effect [23-25].

This produces sinus tachycardia, a very common finding in these patients, reentrant supra-
ventricular tachycardia [26], and atrial fibrillation, noted in case and series reports [27].

Supportive care is generally sufficient to control sinus tachycardia. Sedation with benzodiazepine,
oxygen, cooling, and volume resuscitation are the main measures. For reentrant supraventricu-
lar tachycardia, the use of a calcium channel blocker is often required. Finally, atrial fibrillation
should be classically treated, using short-acting drugs as rhythm is generally controlled when
toxicity resolves and avoiding (3-blockers and class IA and IC antiarrhythmic drugs [4].

2.4. Myocardial infarction and myocarditis

The risk of myocardial infarction is multiplied by 24 within the next hour following cocaine
consumption [28]. Cocaine-associated myocardial ischemia and infarction is a multifactorial
process that results from increased demand, vasospasm, enhanced coagulation, impaired
thrombolysis, and accelerated atherogenesis [29]. A catecholamine excess (trigger) induced
by cocaine on such a vulnerable myocardium (substrate) may provoke the development of
ventricular arrhythmias and sudden cardiac death.

In addition to myocardial infarction, scar-related macroreentrant ventricular tachycardia may
also complicate cocaine-induced acute toxic myocarditis (Figure 2) as demonstrated in several
case and series reports [30-32].
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Figure 2. Cardiac magnetic resonance imaging revealing a late gadolinium enhancement (LGE) of the subepicardial
layers of the septal and lateral walls of the left ventricle in a cocaine abuse man admitted for a ventricular tachycardia
management.

When a cocaine-associated acute myocardial infarction is diagnosed, classical antithrombotic
therapies should be administrated according to current guidelines, and primary PCI should
be rapidly performed. Moreover, benzodiazepine should be initiated, and -blockers have to
be avoided because of the risk of further vasospasm [11, 33].

For scar-related reentry, as well as focal, ventricular tachycardia, management is based on
classical measures and therapies according to current guidelines [34] with respect of the
above-cited particularities and contraindications related to cocaine intoxication. In addition,
implantable cardioverter defibrillator implantation should be deferred until the resolution of
the acute episode [32, 34].

Besides these therapies, radiofrequency ablation using 3D mapping was described to be
an effective therapy in 86% of drug refractory ventricular tachycardia related to cocaine
use [10].

2.5. Sinus bradycardia and early repolarization pattern

Recent reports have demonstrated that chronic cocaine use is a strong predictor of sinus
bradycardia compared with a matched group of nonusers and resulted in three- to seven-
fold increased risk of sinus bradycardia [5-7]. Despite the presence of sinus bradycardia, all
patients were able to augment their sinus rate with activity [6].

Sharma et al. have showed also that current cocaine dependence corresponds to an increased
odd of demonstrating early repolarization by a factor of 4.92 [5].

Common physiological manifestations of cocaine are related to its adrenergic effects. However,
with chronic exposure to cocaine, Franklin et al. have postulated that the mechanism of sinus
bradycardia may be related to a cocaine-induced desensitization of beta-adrenergic receptors.

A blockage of the fast sodium current reduces sinus node automaticity, and results in brady-
cardia have also been evocated [6].
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3. Cannabis

Because of its accessibility and legality of use in many countries, cannabis, also known as
“marijuana” or “hashish,” is the most consumed drug in Tunisia and all over the world [1, 2].
Cardiovascular complications of cannabis use rose from 1.1 to 3.6% between 2006 and 2010
among 9936 abusers according to the French Addictovigilance Network, most of them pre-
senting with an acute coronary syndrome, while two patients had cardiac arrhythmia [35].
Due to its widespread use and of possible harmful cardiovascular impact reported in many
case and series reports, cardiologists should be sensitized to detect its potential dangerous
effects and be able to prevent and manage them properly.

Cannabis is rapidly absorbed through the lungs and less so with ingestion. The effects of the
drug can last up to 6 hours with the onset of arrhythmias beginning anywhere from within a
few minutes to a few hours of smoking and with a peak at 30 minutes [36].

Delta-9-tétrahydrocannabinol (A-9-THC), the active agent of cannabis, exercises its action via
the cannabinoid system with its two receptors CB1 and CB2. This system induces modifica-
tions of the regulation of the autonomic nervous system leading to cardiovascular conse-
quences and of central nervous system resulting in psychoneurological effects [37, 38].

Most published reports have focused on incidents of acute coronary syndromes and acute cere-
brovascular and peripheral vascular events. However, an increasing number of case reports indi-
cate an association between cannabis use and cardiac arrhythmias mainly atrial fibrillation (AF)
and ventricular arrhythmias (Figure 3) [39]. Management and reversibility of these arrhythmias
are similar to those induced by cocaine abuse and will not be re-explained in this chapter.

In fact, cannabis has a biphasic effect on the autonomic nervous system.

3.1. Increase in sympathetic activity

Atlow tomoderate doses, THC leads to an increase in sympathetic activity causing sinus tachycar-
dia with a rise of 20-100% of the heart rate, premature ventricular beats associated with increased
cardiac output and hypertension [36]. The concept of sympathetic activation is supported by
studies demonstrating an increased urinary excretion of epinephrine after THC use [40].

Atrial fibrillation is another complication of acute cannabis intoxication. A recent study
focused on causes of atrial fibrillation in young people <45 years old. Among 88 patients, 22 of
them, the atrial fibrillation was directly related to alcohol (86.4%), cannabis (13.6%), or cocaine
abuse (4.5%) [41]. In a systematic review published in 2008, six reported cases were analyzed.
In all instances, AF was of recent onset occurring shortly after marijuana smoking in young
subjects. No patient had a structural heart disease, and only one had a precipitating factor
(hypertension); all patients had a favorable outcome with no recurrence after cessation of
marijuana smoking [42]. Of note, adrenergic stimulation and disturbances in atrial coronary
or microvascular flow associated with marijuana smoking may facilitate AF development and
perpetuation possibly because of increased pulmonary vein ectopy, enhanced atrial electrical
remodeling, and increased dispersion of refractoriness [42]. It should also be stressed that
although this adverse event seems to be quite “benign” in young healthy subjects, it is appar-
ently more “malignant” in older patients having other risk factors for thromboembolism.
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Figure 3. ECG showing a ventricular tachycardia at 170 beats/min with left bundle branch block pattern and left QRS
axis in a 39-year-old man with a history of chronic cannabis use.

Finally, we should note that the burden of this problem is possibly underestimated given
euphoric and neuropsychological effects of marijuana that may cover palpitations, possible
occurrence of unnoticed short episodes of AF and because of social and legal reasons leading
most users of illicit drugs to avoid seeking medical attention [43]. AF onset in young patients
without structural heart disease should pay attention to an eventual illicit drug abuse. Its
identification is very important because drug cessation will protect against AF recurrences.

3.2. Increase in parasympathetic activity

In contrast, at higher doses, parasympathetic activity is increased causing bradycardia and
hypotension [36].

Bradyarrhythmias such as sinus bradycardia and higher-degree atrioventricular block have
been reported. And, these conduction disturbances were reversible 72 hours after drug ces-
sation [44].

The most described parasympathetic complication of cannabis abuse is vasovagal and pos-
tural syncope leading in some cases to sinus asystole. In a randomized controlled trial where
29 volunteers had participated, the effects of THC infusion and marijuana smoking when
reclining and standing were studied. Both THC and marijuana-induced postural dizziness,
with 28% reporting severe symptoms immediately after drug administration. The severe diz-
ziness group showed the most marked postural drop in cerebral blood velocity and blood
pressure and showed a drop in pulse rate after an initial increase during standing [45, 46].

3.3. Acute coronary syndrome

The risk of myocardial infarction (MI) is 4.8-fold increased in the first hour following mari-
juana use [47]. Urgent coronary angiography practiced in these victims of cannabis-induced
MI may show angiographically normal coronary arteries supposing a spastic mechanism or
an increased myocardial oxygen demand due to increased sympathetic activity. Coronary
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arteries may also be very thrombotic with or without atherosclerotic plaque rupture. Finally,
a no-flow or slow-flow with normal appearing epicardial vessels was reported as well [48].
Ventricular tachycardia and sudden cardiac death were reported as a complication of canna-
bis-induced MI [49].

3.4. Sodium channel blockade

A Brugada-like effect was reported to be associated to cannabis intoxication as described with
cocaine abuse [50-52]. This ECG pattern is believed to be related to a partial sodium channel
antagonist activity. The ST segment normalizes once the acute intoxication is resolved.

4. Amphetamines and derivatives: ecstasy and methamphetamines

These synthetic drugs are used for their psychostimulant effects. They had been first used by
German army during the Second World War for these sought effects. Later, their cardiovas-
cular dangers were revealed.

The main mechanism of action is an indirect sympathomimetic effect by releasing norepi-
nephrine, dopamine, and serotonin from central and autonomic nervous system terminals,
leading, as in cocaine intoxication, to an increase in the central and peripheral catecholamine
concentrations [53].

High catecholamine levels are known to be cardiotoxic, causing vasospasm, tachycardia, and
hypertension, leading to increased myocardial oxygen demand and myocyte necrosis and
fibrosis [54].

The association of these stimulants and sudden cardiac death is well established. A recent
histopathological study showed that among 100 methamphetamine poisoning-related deaths,
68% had cardiac lesions [55]. In this context, death can result either from lethal aortic dis-
section or from ventricular arrhythmia. This latter may complicate either type 1 and type 2
myocardial infarctions or methamphetamine-induced cardiomyopathy and is triggered by
catecholamine excess [56]. Furthermore, according to an interesting recent study, among 230
amphetamine abuser patients, 43% presented with sinus tachycardia and 3.5% presented
with cardiac arrhythmias: ventricular tachycardia, premature atrial beats, paroxysmal supra-
ventricular tachycardia, and premature ventricular beats [57].

5. Heroine

Morphine and its semisynthetic analogue heroin are the most commonly used recreational
narcotic drugs. Narcotic agents act centrally on the vasomotor center to increase parasympa-
thetic and reduce sympathetic activity [48, 53]. These autonomic changes, combined with his-
tamine release from mast cell degranulation, can result in bradycardia and hypotension [53].
Sinus bradycardia, benign atrioventricular block, and resulting atrial or ventricular automatic
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ectopy and tachycardia were all reported. ECGs of 511 opioid addicts were analyzed. The
main anomalies detected were sinus bradycardia, type-1 atrioventricular block, wandering
atrial pacemaker, supraventricular and ventricular ectopic beats, and QT prolongation [58].

Methadone is another synthetic opioid used for the treatment of opioid addiction and for its
analgesic effect. Methadone is responsible for QT prolongation and occurrence of torsade de
pointes (TdP) especially when QT interval exceeds 500 ms. TdP should always be suspected
in patients receiving methadone and presenting with syncope [59, 60]. Correction of predis-
posing factors as hypokalemia and hypomagnesemia is recommended, in case of prolonged
QT and TdP. Magnesium perfusion is proposed, even in case of normal serum magnesium
concentration. Alternative drugs can be used when corrected QT exceeds 500 ms [59].

6. Lysergic acid diethylamide and psilocybin

Lysergic acid diethylamide (LSD) and psilocybin “magic mushrooms” are commonly used
hallucinogenic agents in developed countries. LSD is about 100 times more potent than psi-
locybin. Their mechanisms of action are complex and include agonist, partial agonist, and
antagonist effects at various serotonin, dopaminergic, and adrenergic receptors. The adren-
ergic effects are usually mild and do not produce the profound sympathetic storms that can
occur after taking cocaine, amphetamine, or ecstasy. Besides common sinus tachycardia, car-
diovascular complications are rarely serious, although occasional instances of supraventricu-
lar tachyarrhythmias and myocardial infarction have been reported [61, 62].

7. Inhalent abuse

Inhalant abuse is the intentional inhalation of chemical vapors by sniffing, snorting, bag-
ging, or huffing the substance to attain a euphoric effect. Spray paints, shoe polish, dust-off
spray, glue, and lighter fluids are some products commonly abused by people. Glue sniff-
ing has become a widespread form of inhalant abuse, usually among in adolescents and
young adults.

Studies have indicated that about 20% of children in middle and high schools have experi-
mented with inhalant substances [63]. These products are cheap, easily accessible at home,
school, and workplace, and they are legal for all age groups (e.g., glue). Many common house-
hold products containing halogenated hydrocarbon like 1,1-difluoroethane (DFE) (known as
Freon 152A used in refrigeration, dust-off spray, and airbrush painting) and toluene (used in
glues) are abused by inhalation for euphoric effects [64].

Halogenated hydrocarbon abuse can cause a fatal malignant arrhythmia, termed “sudden
sniffing death.” Cardiotoxic effects have been described in human and in animal models [64].

Avella et al. [65] have demonstrated different levels in DFE tissues in the brain and heart,
but the DFE level in the heart remained higher than the brain tissue after approximately
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60-second post-DFE withdrawal. This may further result in abuser inhaling more DFE to
sustain euphoric effect because central nervous system effects are reduced and thus lead to
accumulation in the heart.

Recently, Joshi et al. [66] have showed that after multiple DFE doses in rats, severe arrhyth-
mias such as ventricular fibrillation and ventricular tachycardia can be triggered. Exposure
causes significant higher amount of epinephrine release than the control group [66] and an
increased sensitivity of the myocardium to epinephrine [64, 67]. Furthermore, electrolyte
imbalance, cardiac biomarkers, and oxidative stress markers were significantly affected and
can cause damage to cardiomyocytes [66].

Alper et al. have demonstrated increase in QT duration, QT, and QTc dispersion in toluene
users [68]. Toluene can cause inhibition of cardiac sodium currents like class I antiarrhythmics
which can cause prolonged QT interval and have proarrhythmic effects [69].

Although the electrical function of the heart can be altered with acute exposure to hydrocar-
bons, prolonged use can cause structural damage that may also impede normal function [64].

Samples of cardiac muscle taken from inhalant abusers have shown interstitial edema, intra-
myocardial hemorrhages, contraction band necrosis, [70] edema, swollen and ruptured myo-
fibrils, [71] and myocarditis and interstitial fibrosis [72].

In addition to arrhythmias, halogenated hydrocarbons have negative inotropic, dromotropic,
and chronotropic effects on cardiac tissue [73]. Cases of atrioventricular conduction abnor-
mality have been described in toluene intoxication [74].

8. Conclusion

Cardiac arrhythmia presents a potential dangerous complication leading to sudden car-
diac death threatening young population. The most important mechanisms implicated in
the genesis of arrhythmia in case of illicit drug intoxication are sodium channel block-
ade, potassium channel blockade, catecholamine excess, and finally myocardial infarction
and myocarditis. Atrial fibrillation onset in young patients without structural heart dis-
ease should pay attention to an eventual illicit drug abuse. Its identification is very impor-
tant because drug cessation will protect against atrial fibrillation recurrences. Table 1
resumes physiopathological effects and main induced arrhythmias of commonly abused
illicit drugs. Management should consist, first, on withholding drug intoxication with the
collaboration of a detoxification center to prevent recurrent events, and, second, on com-
mon recommended measures as for the treatment of nondrug abuse arrhythmias with
respect of some particularities and contraindications as in the case of cocaine intoxication.
Thus, acute management of wide QRS tachycardia related to sodium channel blockade
secondary to drug abuse, include oxygenation, sedation with benzodiazepine, and hyper-
tonic sodium bicarbonate perfusion. Class IA and class IC antiarrhythmic drugs and beta-
blockers are classically contraindicated. Electrical cardioversion is indicated in case of all
hemodynamically unstable arrhythmias.
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Illicit drug Physiopathological effects Induced cardiac arrhythmias
Cocaine Sodium channel blockade QRS enlargement with right bundle
branch block
Brugada-like syndrome
Potassium channel blockade QT prolongation
Torsade de pointes
Catecholamine excess Sinus tachycardia
Supraventricular tachycardia
Myocardial infarction/myocarditis Ventricular tachycardia/fibrillation
Cocaine-induced desensitization of beta- ~ Sinus bradycardia
adrenergic receptors
Cannabis Increase in sympathetic activity Sinus tachycardia

Methamphetamine and ecstasy

Heroine and morphine
methadone

LSD and psilocybin

Increase in parasympathetic activity

Myocardial infarction
Sodium channel blockade

Catecholamine excess

Myocardial infarction

Increase parasympathetic and reduce
sympathetic activity

Potassium channel blockade

Mild catecholamine excess

Atrial fibrillation

Premature ventricular beats

Sinus bradycardia
Atrioventricular block
Vasovagal and postural syncope

Sinus asystole
Ventricular tachycardia/fibrillation
Brugada-like syndrome

Sinus tachycardia

Supraventricular tachycardia
Ventricular tachycardia/fibrillation

Sinus bradycardia

Atrial or ventricular ectopy

QT prolongation

Torsade de pointes

Sinus tachycardia

Table 1. Physiopathological effects and main induced arrhythmias of commonly abused illicit drugs.
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