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Abstract

Malignant cardiac arrhythmias which result in sudden
cardiac death may be present in individuals apparently
healthy or be associated with other medical conditions.
The way to predict their appearance represents a
challenge for the medical community due to the tragic
outcomes in most cases. In the last two decades some
ventricular repolarization (VR) markers have been found
to be useful to predict malignant cardiac arrhythmias
in several clinical conditions. The corrected QT, QT
dispersion, Tpeak-Tend, Tpeak-Tend dispersion and
Tp-e/QT have been studied and implemented in clinical
practice for this purpose. These markers are obtained
from 12 lead surface electrocardiogram. In this review
we discuss how these markers have demonstrated to
be effective to predict malignant arrhythmias in medical
conditions such as long and short QT syndromes,
Brugada syndrome, early repolarization syndrome,
acute myocardial ischemia, heart failure, hypertension,
diabetes mellitus, obesity and highly trained athletes.
Also the main pathophysiological mechanisms that
explain the arrhythmogenic predisposition in these
diseases and the basis for the VR markers are discussed.
However, the same results have not been found in all
conditions. Further studies are needed to reach a global
consensus in order to incorporate these VR parameters
in risk stratification of these patients.

Key words: Electrocardiographic predictor; Ventricular
repolarization markers; Ventricular fibrillation; Sudden
cardiac death; QT interval; Corrected QT interval; QT
dispersion; Tpeak-Tend interval; Tpeak-Tend QT ratio
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Core tip: Malignant ventricular arrhythmias are a
common cause of sudden cardiac death in clinical

August 16, 2015 | Volume 3 | Issue 8 |



Castro-Torres Y et a/. Prediction of malignant ventricular arrhythmias

practice. They may present in individuals apparently
healthy or be associated with other medical conditions.
It is possible to predict the appearances of ventricular
arrhythmias by analysing ventricular repolarization
markers through surface 12 leads electrocardiogram. It
may represent a tool to evaluate the risk stratification
and for achieving a better medical management of our
patients.
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INTRODUCTION

An electrocardiogram (ECG) represents one of the
most common medical tools used by physicians in
clinical practice. Its adequate interpretation gives
the possibility for diagnosing and predicting multiple
cardiac diseases. These features accompanied by its
relative low cost allow that ECG interpretation needs
to be known by medical doctors of several specialities
including internists, cardiologists, anaesthesiologists,
family physicians, and all that have a direct contact with
patients.

Sudden cardiac death (SCD) causes approximately
800000 deaths each year in the world™. It is often
produced by malignant ventricular arrhythmias (MVA).
In most cases it is derived from ventricular fibrillation,
or less frequently, by monomorphic or polymorphic
ventricular tachycardia and Torsades de Pointes®®. MVA
which may result in SCD frequently occur in sick hearts
but around 15%-20% occur in healthy hearts™.

Many people that develop MVA have a previous
disease that may be the cause of this condition. By ECG
analysis it is often possible to predict the development
of ventricular cardiac arrhythmias in these patients. That
is feasible by analysing several ventricular repolarization
(VR) markers. Some of the most explored predictors
in clinical practice are: QT interval and its correction
by heart rate (QTc)™, QT interval dispersion (QTd)™
and other recently published markers like Tpeak-Tend
(Tp-e)*®, Tp-e dispersion (Tp-ed)™! and Tp-e/QT ratio™.
These markers have demonstrated a high usefulness
to indicate patients with a high risk to develop cardiac
arrhythmias in multiple clinical conditions (Table 1).

The methods to measure these VR markers are
not difficult. These VR markers are useful tools for
evaluation of patients’ risk to develop MVA. They help
us make better medical decisions in the management of
patients with various medical conditions.

The aim of this manuscript is to review the useful-
ness of electrocardiographic VR markers to predict
SCD in several conditions such as long and short QT
syndromes, Brugada syndrome, early repolarization
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syndrome, acute myocardial ischemia, heart failure,
hypertension, diabetes mellitus, obesity and high trained
athletes and the possible mechanisms involved in order
to encourage their clinical use to improve patients’ risk
evaluation.

QT, QTc and QTd

Measurement of the QT interval from surface 12
lead ECG was proposed at the beginning of last
century®., It was primarily used to identify patients
with arrhythmogenic syndromes which are common
causes of SCD. These syndromes are long and short QT
syndromes. However, its usefulness has been extended
in multiple clinical conditions.

The QT interval is measured from the onset of
the QRS complex to the end of the T wave (Figure
1). It should be recorded in II or V5 leads where it
has demonstrated the most predictive capacity. The
QT interval may be modified by heart rate. Because
of this, formulas have been proposed with the aim to
reduce the heart rate influence. QT interval corrected
by heart rate is known as QTc. Around 20 formulas to
measure the QTc have been suggested. However, the
most commonly used in clinical practice are the QTc by
Bazzet’s method [QTc = QT/(R-R)"?] and by Fridericia’s
method [QTc = QT/(R-R)"?] both expressed in seconds
(Table 2)M%., Also it is recommended to consider gender
in QRS prolongation. Abnormal proposed values of
QTcfor adults are = 450 ms in men and = 460 ms in
women, while a QTc < 390 ms is considered short™".
Proposed normal values of QTcin children between 1
and 15 years are < 440 ms, with a range between 440
to 460 ms and abnormal values > 460 ms'?. However,
other authors have established that the 98" percentile
limit for rate-adjusted QT is approximately 450 ms in
children younger than 12 years of age™".

Although QT interval and its correction (QTc) have
been satisfactorily used to predict cardiac arrhythmias,
another marker which evaluates its dispersion has
been created and implemented in clinical practice.
This marker is the QTd, which is defined as the
difference between the maximum and minimum QT
interval in surface 12 lead ECG™®. QTd represents the
heterogeneity state of VR. An increase in ventricular
heterogeneity augments the vulnerable period time in
the heart and predisposes to ventricular arrhythmiast*.
It was implemented in clinical practice by Day et aft**,
and currently has been suitably evaluated as a marker
to predict MVA. The values of QTd in normal subjects
and general population are controversial. Reports from
several studies reveal values of 33.4 £ 20.0 ms, with
a range from 10.5 £ 10.0 ms to 71 £ 7.0 ms and a
median in 37 ms. There are not statically significant
differences between the genders while by other studies
were found age-related differences < 10 ms™. Recently
published data show that in healthy individuals a QTd
> 58 ms increase 3.2-fold the risk of cardiovascular
mortality!'® and those with a QTd = 80 ms have 4-fold
risk for cardiac death compared to patients with QTd
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QT interval

QTc = See different formulas to measure QTc
QTd = Maximun QT interval-Minimun QT interval on 12 leads ECG

Figure 1 Methods to measure the different markers on electrocardiogram.

Table 1 Maedical condition where have been investigated the

ventricular repolarization markers

Long QT syndrome Heart failure

Short QT syndrome Hypertension

Brugada syndrome Diabetes mellitus
Early repolarization syndrome Overweight/ obesity
Acute myocardial ischemia Highly trained athletes

Kawasaki disease Duchenne muscular dystrophy
Liver transplantiation
Rheumatoid arthritis

Rheumatic fever

Systemic lupus erythematosus
Rheumatoid arthritis
Chronic renal failure

Scleroderma Chagas disease
Ankylosing spondylitis Chronic hepatitis B
Obstructive sleep apnea B-thalassemia
Spinal injury Polycythemia vera

values < 30 mst.

Tp-e and Tp-ed

An increase in dispersion of repolarization and modi-
fications in normal pattern of ventricular recovery are
mechanisms associated with predisposition to develop
cardiac arrhythmiast”’. Tp-e is the interval between the
peak of the T wave and the end of the T wave (Figure 1).
Commonly it is considered a reflection of the transmural
cardiac repolarization expressed through surface 12
lead ECG. It has been proposed to indicate patients
at an increased risk for ventricular arrhythmias!®',
Recent investigation examined Tp-e interval using a
computer model of the rabbit heart ventricles. The
authors concluded that Tp-e corresponds with global
dispersion of repolarization®”.

Tp-e should be measured in precordial leads where
it has been demonstrated to be more specific®”. It has
been found that in healthy men subjects Tp-e has a
mean value in V5 lead of 94 £ 10 ms in men and 92 +
11 ms in women™. However, there is not a consensus
about Tp-e normal values and further investigations
are needed to define them. Tp-e has been evaluated in
several clinical conditions. It has been considered more
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e 2 Formulas to calculate the QTc

Name Formula
Bazzet modificated by Taran and ~ QTc = QT/(R-R)"*

Szilagyi

Fridericia QTc = QT/(R-R)"?
Framingham QTc=QT +0.154 x (1 - RR)
Hodges QTc=QT +1.75 % (HR - 60)
Sarma QTc = QT - B1 Exp(-k1 x RR)

QTc =QT [1 - Exp(-k2 X RR)]
QTc = QT (RR)* + B3
QTc = QT (RR)"?

Ecuacién de fuerza QTc =453.65 x RR1/3.02 (R2 = 0.41)

Van de Water QTc = QT - 0.087 (RR - 1000)
Matsunaga QTc = log(600) QT/ (logRR)
Kawataki QTc=QT/RR % 0.25
Mayeda QTc =QT/RR % 0.604
Larsen y Skulason QTc =QT +0.125 x (1 - RR)
Schlamowitz QTc =QT +0.205 x (1 - RR)
Wohlfart QTc=QT +1.23 X (HR - 60)
Boudolas QTc =QT +2.0 X (HR - 60)
Sagie QTc =QT +0.154 x (1 - RR)
Malik QTc = QT/RR x 0.371
Lecocq QTc=QT/RR (0.314)

This table was taken and adapted with permisson of Editor in Chief from
Chavez Gonzélez"”. B and K are regression parameters. Exp: Exponential
function with base e = 2.718; HR: Heart rate; RR: RR distance; QT: QT
interval; QTc: Corrected QT interval.

useful to predict cardiac arrhythmias than QTc and its
dispersion in some clinical conditions™.

Tp-ed was proposed by Castro Hevia et al”’. Using
this marker, they found an increased risk for ventricular
arrhythmias in patients with Brugada syndrome than
healthy controls. It has been examined in other diseases
demonstrating its usefulness to predict malignant
arrhythmias and SCD. However, limited information
has been published about it and it should be studied in
further investigations.

Tp-e/QT ratio

Tp-e/QT ratio is a novel index to predict cardiac arrhy-
thmias™. It includes the values of transmural dispersion
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(Tp-e) and spatial dispersion (QT) of VR (Figure 1).
It has a substantial advantage than other markers
because does not need to be corrected by heart rate.
Tp-e/QT ratio almost has no variations between 60-100
beats/min. Tp-e/QT measured in healthy populations in
precordial lead V6 which best reflects the trasmural axis
of left ventricle has a mean value of 0.21 £ 0.03 and a
range of value from 0.15 to 0.25%,

Brief electrophysiological considerations
Heterogeneity of VR is associated with MVAP®*, QT
interval is an index of VR and its variations represents
its heterogeneity, commonly measured by QTd. An
increase in VR dispersion increased the vulnerable
period in the heart and predisposes to MVA. Regional
differences in the potential action (inhomogeneity) may
be found in several heart parts, but the transmural
(ventricular wall) is the most important™™. Ventricular
myocardium is comprised by endocardial, epicardial and
myocardial (M) cells. These cells are structurally similar,
but have different electrophysiological properties. M
cells have a longer action potential than cells located
in epicardium and endocardium™?7, This property is
noted in response to slowing of heart rate or agents
than prolong the action potential. The prolonged action
potential of M cells is due to a delay or blockage of
K* and a rise in Na* currents'™®. In normal conditions,
the physiological differences among these cells are
minimized by electronic influences from well coupled
myocytes®®!. The interplay between these opposing
transmural forces among these cells determines the
height and width of the T wave®®.. A rise in transmural
repolarization determines a prolongation of T wave and
subsequently the Tp-e. Multiple conditions determine
pathophysiological changes with alteration in normal
pattern of repolarization, increasing heart heterogeneity
and the risk of MVA.

Application of QT, Tp-e, its dispersions and Tp-e/
QT ratio to predict MVA in some diseases is discussed
below.

Long QT syndrome

Long QT syndrome is an arrhythmogenic channelopathy
characterized by severe alterations in VR. Long QT
syndrome can be congenital or acquired.

The congenital long QT syndrome is caused by
hereditary defects of molecular structure in ion channel
proteins. Mutations in genes that codify to sodium and
potassium channels cause a prolongation of VR. These
alterations predispose to the development of Torsade
de Pointes. This arrhythmia can result in ventricular
fibrillation and SCD”**Y, Long QT syndrome is often
an autosomal dominant disease. It has been found
mutations in 13 genes in long QT syndrome, determining
13 different types of this condition. However, the most
known are long QT syndrome 1, long QT syndrome 2
and long QT syndrome 3, which are related with KCNQ1,
KCNHZ2 and SCN5A genes respectively?,

The acquired form of long QT syndrome is a
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prolongation of QT interval that also predisposes to the
patient to develop Torsade de Point and SCD. It may
be caused by drugs®®, electrolyte abnormalities®,
hypothermia®, toxic substances® and central nervous
system injury™”.

Patients with QTc = 500 ms have a high risk for
developing MVA. Sauer et al®® studied patients with
long QT syndrome and the utility of QTc to predict SCD
in these cases. Those with QTc duration between 500
and 549 ms were associated with a greater risk. In this
same work, a QTc = 550 ms was related with a 6.3-fold
increase in the risk. Another investigation showed that
patients with QTc duration = 530 ms had a higher
predisposition to develop cardiac arrest and SCD than
those with shorter QTc values!. Recently, the risk
for life-threating cardiac events was evaluated in 403
patients with long QT syndrome. Patients with multiple
gene mutations had longer QTc than those with a single
mutation (506 £ 72 ms vs 480 £ 56 ms respectively;
P = 0.003) and a higher rate of life-threating cardiac
events?, This study demonstrates the complexity
of this syndrome, and how the gene mutations may
modify the values of QTc and maybe other markers.
The phenotypes derived from the gene mutations may
express several clinical forms of this condition and make
the interpretation of the results difficult.

In these studies, higher QTc values were associated
with SCD. However, it has been demonstrated that
the risk stratification in patients with congenital long
QT syndrome is beyond QTc values. Also, it has been
demonstrated that it is necessary to evaluate other
variables as the gender, specific gene mutation/s and
family history™".

QTd is another marker evaluated in these cases. It
has been found prolonged in patients with idiopathic long
QT syndrome and represents a marker for therapeutic
efficacy!?. Yamaguchi et al**! evaluated 27 patients
with long QT syndrome. These patients were divided
into two groups. The group A (n = 27) were patients
with Torsades de Pointes and group B (n = 15) without
this. The measurement of QTd in the first group was
112 + 64 ms and in the second 70 + 40 ms; P = 0.0456.
These authors also evaluated the Tp-e. Values of Tp-e
in V5 were 185 + 46 ms in group A and 84 + 18 ms
in group B; P < 0.0001. Tp-e showed more significant
differences than QTd between patients with and without
Torsades de Pointes. Moreover, Tp-e has been found
to be prolonged and to be an arrhythmogenic index in
patients with long QT syndrome in other studies™*, In
this same investigation by Yamaguchi et af**, Tp-e/QT
ratio in V5exceeding 0.28 was also associated with the
risk to develop Torsades de Pointes.

Short QT syndrome

Congenital short QT syndrome is a rare chanelopathy
which increases the incidence of paroxysmal atrial
fibrillation, ventricular tachycardia and/or fibrillation™®*®,
The diagnostic criteria are in debate and not yet been
established. Most investigators use a grey area for the
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QTc between 370 and 330 ms'*’.. Recently data have
been published which reveal an estimated prevalence
of 0.7 per 100000 persons using a QTc < 300 ms as
diagnostic criteria®®. It has been proposed values of
QTc values of 350 ms for men and 360 ms for women
derived considering a cutoff values of << 2 SD from the
mean value of general population®". Currently a QTc
< 320 ms is accepted as an abnormal QTc value®”.
However, the risk to develop MVA in patients with
abnormal short QTc values is undetermined. In patients
with a prior history of atrial or ventricular fibrillation a
QT interval less than 340 ms or a QTc less than 345 ms
is usually sufficient®. Due to the non-existence of an
international consensus of QT values for the diagnosis
of short QT syndrome it has been proposed diagnostic
criteria. These include the values of QTc, personal
clinical history, family history and genotype!*®'.

Several mutations in potassium channels (KCNH2,
KCNQ1 and KCNJ2) and calcium channels (CACNALC,
CACNB2B, CACNA2D1) have been identified in these
patients™,

Anttonen et al* studied patients with symptomatic
short QT syndrome and evaluated some VR markers.
They found that in the group of patients with short QT
syndrome values of Tp-e/QT ratio were more prolonged
than in the control group (0.30 £ 0.04 vs 0.24 £ 0.04,
P = 0.001). Tp-e/QT ratio in the normal population is
around 0.21. In this case both patients’ groups had
values over this point, but it seems that there is a cut off
value which increases the risk of malignant arrhythmias
which is unknown and should be explored by researchers
and physicians. Similar results were found in another
study. In this case after a follow-up with a 24-h ECG
recording patients with short QT syndrome the Tp-e/
QT ratio was 0.28 £ 0.03 and 0.21 £ 0.02 in control
subjects, P = 0.01"%. Also Tp-e has been demonstrated
to be prolonged and correlated with transmural
dispersion repolarization in an experimental model of
short QT syndrome™”.

Short QT syndrome should be studied further like
other conditions which are associated with genetic
mutations and several clinical presentation forms. There
are limited studies to conclude about the usefulness
of VR markers to evaluate the risk of patients with
short QT syndrome to develop MVA. There are points
which should be analysed such as the absence of a
consensus about diagnostic criteria, the low prevalence
of this condition, the genetic heterogeneity and possible
differences among age, gender and races. An advance
in this field has been with the exploration of Tp-e/QT
ratio with encouraging results.

Brugada syndrome

An alteration of VR markers has been observed in other
clinical conditions. Brugada syndrome was established
in 1992. It is defined by a ] point and ST-segment
elevation 2 mm or greater followed by a negative T
wave in the ECG right precordial leads™. Recently, a
consensus report from the International Society for

Roishidenge ~ WJCC | www.wjgnet.com

709

Holter and Noninvasive Electrophysiology has established
2 Brugada patterns®. They combined the type 2 and 3
patterns outlined in a previous report®”. This syndrome
has been linked to SCN5A gene mutations which
affect sodium channel function®®?, Its prevalence is
around 1 in 2000 people™ and may explain 20% of
SCD in patients without structural cardiac disease!.
Patients with Brugada syndrome have an increased
risk to develop malignant cardiac arrhythmias. They
have a high incidence of ventricular tachycardia and/or
ventricular fibrillation in structurally normal hearts®®" "
and are asymptomatic in most cases'®®,

A prolongation of QTc in right precordial lead has
been found in patients with Brugada syndrome'®. A
mechanism to explain QTc prolongation in patients with
Brugada syndrome may be by the rise of the action
potential notch in the right than in the left ventricular
epicardium observed in these subjects.

Castro Hevia et al'’! studied 29 patients with
Brugada syndrome and 29 healthy controls. Patients
were followed by a mean of 42.65 £ 24.42 mo. QTc
> 460 ms in V2 lead was a risk factor for arrhythmias
recurrence. Maximum Tp-e (measured in precordial
leads) and Tp-ed were associated with more recurrence
of life-threatening cardiac events in Brugada syndrome
patients compared with controls. Also, all Brugada
syndrome patients with Tp-e values = 100 ms or Tp-
ed values > 20 ms had events during 60 mo of follow-
up. As was established by the authors, this work gives
a novel way to analyze the risk stratification in Brugada
syndrome.

Recently 23 individuals (spontaneous n = 10 or
drug-induced n 13) with type 1 ECG pattern of
Brugada syndrome received a programmed ventricular
stimulation. Tp-e in leads V2 and Tp-e/QT ratio in
leads V6 were significantly increased in patients who
developed ventricular tachycardia/ventricular fibrillation.
However, QTc (by Bazzet’s method) and QTd did not
show significant differences”.

Several mechanisms have been formulated to
explain arrhythmogenic risk in patients with Brugada
syndrome. One of the most accepted establishes that
the decrease of the depolarizing in sodium channels
presented in this condition leads to a functional
predominance of the repolarizing Ito current. These
differences result in an increase in epicardial action
potential notch. These changes produce an increase
in the transmural heterogeneity of repolarization and
a predisposition to MVA”*73, It has been proved that
phase 2 reentry might appear under these conditions”..
Another theory is based on depolarization abnormalities.
It has been observed that there are regional differences
between activation of the cells located in right ventricular
tract outflow myocardium and the rest of right ventricle.
These alterations modify cell interactions and increase
the risk of reentry arrhythmias’>”>”), Also it has been
proposed discontinuous conduction and malfunctioning
channels as hypotheses to explain arrhythmogenic risk
in these patients”’.
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Brugada syndrome is a very complex condition with
several genetic subtypes, arrhythmic pathophysiological
mechanisms, electrocardiographic patterns and clinical
presentations. Thus, it is possible to understand the
multiple variants described in clinical practice. These
characteristics also may influence the ability of VR
markers to detect patients at high risk of malignant
cardiac arrhythmias in this condition. In order to elevate
clinical sensitivity of these markers in these cases
investigators should be take into account these factors
and to design clinical trials to achieve better conclusions.

Early repolarization syndrome

Early repolarization pattern consists in a J wave or J
point elevation, a notch or slur of the terminal part of
the QRS and an ST-segment elevation on surface 12
lead ECG®7®, It has prevalence from 6% to 24% in the
general population”® and is higher in trained athletes®™”.
Early repolarization pattern was primarily considered
a benign electrocardiographic finding'®®?!. However,
recent studies have demonstrated an increased risk for
malignant cardiac arrhythmias in these patients!®®,
Early repolarization pattern adopts the name early
repolarization syndrome when it is associated with
cardiac arrhythmias and SCD®®. Current studies have
determinated three patterns of early repolarization
and the risk to develop arrhythmic events of each of
them™,

The predisposition to have malignant ventricular
arrhythmia in these patients was evaluated by Letsas et
al®®. They found increased values of Tp-e in leads V2,
Tp-ed in precordial leads and Tp-e/QT ratio in leads V2
in patients with early repolarization pattern compared
with those without it. There were not significant
differences regarding markers studied in localization of
early repolarization pattern (lateral vs infero-lateral).
Previously, another investigation demonstrated that
QTc was useful to predict primary end points in these
individuals®™. The use of these markers to indicate
patients at risk to suffer SCD by MVA in this setting
should be explored further.

The arrhythmogenic substrate of early repolarization
syndrome has been proposed to be the outward current
of Ito. Ito current is more prominent in epicardium than
endocardium. This gradient voltage has been associated
with the beginning of cardiac arrhythmias® ", Further-
more, an investigational group demonstrated that there
are abnormal large spatial repolarizations gradients in
early repolarization that predispose to reentry cardiac
arrhythmias””. Previous investigations demonstrated
a high incidence of malignant arrhythmias in patients
with early repolarization pattern in inferior/inferiolateral
leads or in inferior, lateral and right precordial leads
than patients with only in the lateral precordial leads™".
These differences provide additional data and increase
the complexity of this condition. As the arrhythmogenic
index may be variable depending of ECG topography,
VR markers should be explored independently to reach
trusty results.
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Acute myocardial ischemia

Cardiovascular diseases are the most common cause
of mortality in developed countries®. Acute coronary
syndrome is often associated with SCD™?. In patients
with acute coronary syndrome an increased risk for
MVA with a worse prognosis has been observed®. QT
interval has been used to estimate the arrhythmogenic
risk after an acute coronary syndrome. Schwartz et
al® demonstrated the clinical value of QT interval
many years ago. They showed that patients with Q
wave acute myocardial infarction and prolonged values
of QT interval had a high probability to develop SCD.
Another study documented that exercise after an acute
myocardial infarction may induce changes in QTc. In
this case, the prolongation of QTc interval predisposes
to develop SCD and was useful to differentiate patients
at high risk for SCD and those at low risk for it™®®. These
results show the benefit of using the QTc for identifying
patients with exercise-induced ischemia who are at
risk of SCD. In addition, a correlation between QTc
prolongation and SCD in patients with non-ST elevation
acute coronary syndrome has been observed?®”®®,
These studies support previous results about the utility
of QTc in acute coronary syndrome and additionally
provide new elements from QTc applicability in risk
stratification for SCD.

Other VR markers have been explored with the
purpose to increase the sensibility to predict SCD in
patients with acute myocardial ischemia. Ciolli et a/®®
studied 101 patients with acute myocardial infarction
and a control group of 97 healthy patients. After 10
d follow-up, QTd was significantly more prolonged in
subjects who developed severe ventricular arrhythmias
than control (125.8 + 68.5 vs 80.8 £+ 38.9, P < 0.0005).
Similar results were found by other researchers. In this
case, QTd was found to be increased in patients with
ventricular tachycardia or ventricular fibrillation compared
those with only ventricular premature beats (96.25 +
15.97 ms vs 80 + 15.04 ms, P < 0.01)"", Moreover,
QTd represented a predictor to death by ventricular
arrhythmias. It was a very interesting work about QTd
utility in patients with acute myocardial infarction. As can
been seen, it was not only prolonged in patients with
ventricular arrhythmias but was a predictor of death. This
study provides relevant data to continue our investigation
about QTd importance in this field.

Tp-e also has been found to be useful to predict
cardiac arrhythmias in patients after myocardial infarc-
tion. Seventy-six patients with previous myocardial
infarction were followed during 23 £ 19 mo. Tp-e was
longer in patients who developed ventricular arrhythmias
than those without (116 + 26 ms vs 102 £ 20 ms, P =
0.01). Additionally, Tp-e was found to be an independent
predictor of ventricular arrhythmias when adjusted for
age, ejection fraction and QRS duration™. Also, QTc
has been found to be prolonged in patients with unstable
angina with an increased risk for cardiac arrhythmiast®?.

Underlying mechanisms to explain modification of
these indicators in acute myocardial ischemia include
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an expression of M cells properties. Activation of M
cells determines an increase in the action potential
in the heart and subsequently a QT interval and Tp-
eprolongation™****?), Other proposed mechanisms are
the reduction in epicardium temperature™®, acidosis™**
and changes in sodium and potassium currents!®!,
These processes increase myocardium heterogeneity
and predispose to malignant cardiac arrhythmias.

Reperfusion therapies (fibrinolysis and primary
percutaneous coronary intervention) are the primary
goal in ST-elevation myocardial infarction for improving
clinical outcomes. They have demonstrated to be useful
reducing the incidence of cardiac arrhythmias, including
ventricular tachycardia and/or ventricular fibrillation™**%”,
There are studies demonstrating the usefulness of VR
markers to predict malignant cardiac arrhythmias in this
setting. Q-I—c[los]’ QTd[109-111], Tp_e[112,113] and Tp-e/QT[“‘”
have been found to be useful to indicate effectiveness
of thrombolytic therapy and primary percutaneous
coronary intervention in patients with acute ST-elevation
myocardial infarction. These results indicate patients
with reduced risk to develop MVA giving the physician
another tool to evaluate the patients’ risk in this setting.
However, these markers need further study in other
situation commonly present in patients treated with
reperfusion methods. Patients with ST-elevation acute
myocardial infarction develop with relative frequency
a transient ST-elevation on ECG when undergoing
treatment with fibrinolysis or primary percutaneous
coronary intervention. This phenomenon is named
“reperfusion peak” and it is followed by a complete ST-
resolution™®. The real significance of this event is not
clear. In some studies it has been related with negative
cardiac outcomes™'*'*”), Application of VR markers in
this setting may be important to detect patients at an
increased risk for malignant arrhythmias and SCD when
presenting with this phenomenon.

Heart failure

Patients with heart failure frequently have ventricular
arrhythmias. Ventricular tachycardia and premature
ventricular beats are seen with increased incidence
in individuals with a dilated left ventricle and reduced
ejection fraction!'®. Taking this into account, several
studies have been designed to explore arrhythmia
markers and to determine the arrhythmogenic risk in
these patients.

Davey et al'*® found that QTc was significantly longer
in heart failure patients than in controls or in subjects
with left ventricular hypertrophy (471 £ 10 ms, 421 +
6 ms, 420 £ 6 ms, P < 0.05 respectively). Tp-e also has
been found to be useful in this setting. Its prolongation
in V1 lead has correlated with increased incidence of
SCD in chronic heart failure patients™. Tp-e has been
evaluated in patients with left ventricular ejection fraction
< 35% and therapy with implantable cardioverter-
defibrillator. It demonstrated to be effective predicting
ventricular tachycardia and overall mortality™!. Heart
failure is defined as a syndrome derived from multiple
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cardiac and non-cardiac conditions. It has a complex
pathophysiology and mechanisms proposed for the
development of MVA are diverse and include: ischaemia,
infarction, cardiomyopathy, myocarditis, hypokalaemia,
hypomagnesaemia and digitalis overdose™®. All of these
processes may increase the ventricular heterogeneity
and predispose to MVA. Some factors which could be
associated are age, aetiology, drugs and comorbidities.
As heart failure may be caused by multiple conditions, to
analyse the risk for MVA can be very difficult.

Hypertension

Hypertension is a very common condition worldwide.
Its prevalence is around 30%-45% in the general
population™. Hypertensive patients have an increased
risk for cardiac arrhythmias due to an increase in
VR dispersion™®!, Left ventricular hypertrophy often
develops in hypertension and it increases the risk
of developing cardiac arrhythmias™***?*!, Carmona
Puerta et af® observed that QTd and Tp-e were more
prolonged in patients with left ventricular hypertrophy
than those without it. Also, a linear correlation among
QTd, Tp-e and duration of hypertension was observed
(r = 0.453, P = 0.001 and r = 0.306, P = 0.034
respectively). Mozos et at**”! support these findings with
similar results. In another investigation, QTc and Tp-e
were associated with systolic blood pressure, body mass
index, and left ventricular mass in resistant hypertensive
patients'*®), The prognosis of patients with resistant
hypertension is probably worse compared with those
that have easily controlled hypertension. However, it has
not been specifically evaluated. It may be influenced
by some risk factors or associated conditions™*”. This
investigation may give us a new alternative to evaluate
the prognoses of resistant hypertensive patients by the
analyses of VR markers. However, prospective studies
would be required to achieve definite conclusions.

Recently, an investigational group demonstrated
that in hypertensive patients without ischemic heart
disease the global cardiovascular risk is related to some
electrocardiographic markers for cardiac arrhythmias.
QTc and Tp-e showed the most significant correlation
(P = 0.010 and P = 0.000 respectively)™**, Global
cardiovascular risk may be examined by several
methods. In this study the risk score proposed in the
2007 European Guidelines for the Management of
Hypertension was used. The use of global cardiovascular
risk scores associated with VR markers could help
to identify patients at high risk of malignant cardiac
arrhythmias. It could represent a novel tool for
physicians in the future for better patients’ management.

Further studies should be conducted to explore
other arrhythmias markers and global cardiovascular
risk scores.

There are several pathophysiological mechanisms to
explain the predisposition to develop MVA in hypertensive
patients. Left ventricular hypertrophy is found often in
these cases and is recognized as the most important
factor. It correlates with malignant arrhythmias and
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SCD™", Left ventricular hypertrophy causes early after-
depolarization and favors the occurrence of ventricular
arrhythmiast™?. It may also cause myocardial ischemia
by an unbalance between blood supply to the myo-
cardium and oxygen consumption. Moreover, in this
condition it may cause an increase in subendocardial
ischemia due to a reduction in diastolic blood flow to
this region™. These processes may be more intense in
long-term hypertensive patients’ in which left ventricular
hypertrophy is more frequent. In fact, QTd has been
found to be increased in elderly hypertensive individuals
with the presence of left ventricular hypertrophy and
myocardial ischaemia on ECG™**. Myocardial ischemia
increases cardiac heterogeneity and the predisposition to
SCD.

Other changes in the heart of hypertensive patients
include arise of collagen deposits as part of ventricular
remodeling. Ventricular remodeling favors ventricular
heterogeneity and ventricular re-entry arrhythmias™>..
In hypertensive patients there is often an increase in
sympathetic nervous system activity, and activation
of this system has been associated with increased
cardiac arrhythmias!*®.. Additionally, alterations in gap-
junctions in myocardial cells and an elevated risk to
develop ventricular arrhythmias in hypertensive animal
models with hypokalaemia has been observed!**”.,

Diabetes mellitus

Diabetes mellitus had a prevalence of 360 million people
worldwide in 2011. This prevalence will increase to 552
million people with diabetes by 2030™**. SCD is often
observed in diabetic patients and may be associated with
ventricular arrhythmias™**), Ventricular arrhythmias
predictors in these patients have been evaluated in
several studies.

Patients with type 1 diabetes mellitus and autonomic
dysfunction have shown significantly higher values of
QTd than patients without autonomic dysfunction and
controls. After a follow-up by 24 h holter monitoring,
individuals with autonomic dysfunction and a prolonged
QTd had a higher incidence of ventricular arrhythmias™".

Clemente et al'*** designed an investigation with
the aim to study the effects of diabetes mellitus on VR
markers. A group of 110 diabetic patients and a group
of 110 controls were selected. Maximum QTc was
significantly greater in diabetic patients than in controls
(413.70 £ 28.10 ms vs 395.31 + 16.28 ms, P < 0.001).
Diabetics had a significantly higher mean QTd than
controls (27.49 + 10.10 ms vs 15.73 £ 4.18 ms, P <
0.001). Similar results were found with the measurement
of QTd corrected by heart rate (29.92 + 10.57 ms vs
16.68 £ 4.48 ms, P < 0.001).

More recently an investigational group found that
QTc and QTd are prolonged in newborns of diabetic
mothers. QTd prolongation was associated with inter-
ventricular septal thickness at end diastole (r = 0.514,
P = 0.042). The authors concluded that elevated
values of these markers represent risk factors for the
development of arrhythmias in these patients™*.
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The results of these studies are encouraging, but
further studies are needed to know with more precision
the risk of diabetic patients to develop malignant cardiac
arrhythmias. It should be important to evaluate other
markers to know whether they may be added to the
risk estimation in these patients.

The proposed mechanisms explain predisposition
to develop cardiac arrhythmias in diabetic patients
are diverse. They have a high incidence of coronary
atherosclerosis, microvascular disease and autonomic
neuropathy. The arrhythmogenic substrate, may be in
part, due to compensatory hypertrophy in non-infarcted
myocardium, progressive ventricular remodeling and
neurohormonal abnormalities™**'**!. These processes
increase VR heterogeneity and elevate the risk of re-
entry arrhythmias.

Obesity
Obesity is a common condition worldwide. It is present
in developed and non-developed countries and
affects peoples of all ages. People with obesity have
an increased risk to develop several diseases which
worsens significantly their prognosis™*®'#1, Several
studies have demonstrated alterations in VR markers in
overweight or obese people which appear to increase
risk for MVA in these cases. Mshui et al'*®! evaluated
maximum and minimum QTc in obese patients before
and after therapeutic weight reduction. Both QTc
values were significantly longer in obese patients than
controls before weight reduction. With weight reduction
these markers were reduced significantly in the obese
group. The authors concluded that obesity is a cause of
prolongation of this marker and that it may be modified
by weight reduction. Positive effects on reduction in
QTc values with a low calorie diet followed by a weight
reduction were observed in a previous study™*"!
supporting the benefits of weight loss to improve the
QTc. Continuing on this topic, Seyfeli et al'*** studied
both QTc and QTd in obese women and controls with m
(B) index = 40 + 3 kg/m” vs 22 + 1 kg/m?, P < 0.001
respectively. A significant correlation was found with m
(B) index, maximum QTc and QTd (r = 0.410, P < 0.001
and r = 0.429, P < 0.001 respectively). Another work,
found similar outcomes, but failed to find a statistically
significant association among uncomplicated obesity
and overweight with QTd, Tp-e, Tp-ed and Tp-e/QT**!.,
Minimal myocardial dysfunction may be detected
in obese patients even in the absence of any apparent
symptoms!**?l, These primary heart changes may
increase the cardiac heterogeneity and could explain
prolongation of these markers observed in uncomplicated
obesity. For other hand, some conditions such as
hyperinsulinemia, glucose intolerance and autonomic
dysfunction may affect the values of these markers
increasing the risk of ventricular arrhythmias!™*%.
Heterogeneity of samples involved in these studies and
possible association of obesity/overweight with other
comorbidities are factors which may modify and explain
these results. These investigations show that QTc
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appears to be the most useful marker in these patients,
but to achieve definite conclusions further studies should
be performed.

Highly trained athletes

SCD has been observed with higher incidence in athletes
than the general population*®., It is the main cause
of death during exercise. MVA may play an important
role in these cases. Several studies have examined the
arrhythmogenic risk in these patients. QTc has been
found more prolonged in athletes than non-athletes.
It was observed by Lengyel et al***, They studied 76
professional soccer players and 76 controls with age
mean 22.0 £ 0.61 and 22.0 £ 0.54 respectively. The
maximum QTc by Fridericia and Hodges formulas were
significantly longer in athletes than controls. Lawan et
al"** studied variations of QTd in 100 dynamic athletes,
50 static athletes and 100-matched controls. Results
showed that both groups of athletes had an increased
prolongation of QTd and that it significantly related
to duration of physical activity. In other investigations
it was found that maximum QTc, QTd and Tp-e were
more prolonged inelite female water polo players than
controls™®,

Currently the results derived from application of
these markers to predict malignant cardiac arrhythmias
in elite athletes are inconsistent. Maximum QTc has
demonstrated to be shorter in professional soccer
player than controls 413.9 ms vs 445.3 ms, P < 0.001
respectively)!*”), Similar results have been obtained
by other researchers™™** ", There are some points
which should be analyzed in future studies and could
represent possible explanations to contradictory
outcomes after application of these markers in several
setting of high trained physical activity: (1) Lack of
identification of associated comorbidities; (2) Cardiac
modifications presented in these cases (e.g., left
ventricular hypertrophy; (3) Exercise type depending on
each sport characteristics; (4) Duration and intensity of
physical activity; and (5) Recovery after highly trained
activity.

These elements may act alone or combined to
explain why VR markers are prolonged in athletes in
some studies but not in others. The development of
left ventricular hypertrophy has been widely studied
and commonly associated with no prolongation of
these parameters. In this case it could be a shield
factor against the appearance of malignant cardiac
arrhythmias and for that these markers are reduced
compared with non-athletes. It has been observed that
patients with left ventricular hypertrophy induced by
physical training activity have shorter values of QTd
than those with pathological left ventricular hypertrophy
by hypertension™*,

As was discussed above, SCD occurs with increased
incidence in athletes. Many of these cases are secondary
to conditions which predispose to malignant cardiac
arrhythmias. For that reason and due to the usefulness
of these markers in other clinical conditions there should
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be continued investigation in this field. Other more
expensive tests could be avoided in these patients if ECG
through the analysis of these markers demonstrates to
be effective in these cases.

Perspectives

The prevalence of malignant cardiac arrhythmias and
their association with SCD is relatively frequent. They
may occur in healthy individuals without structural
cardiac abnormalities or be found in other medical con-
ditions. There is the potential to predict their develop-
ment and subsequently design strategies to avoid
adverse outcomes in our patients through the analysis
and interpretation of VR markers. So far, the predictive
capacities of VR markers have demonstrated to be useful
in some clinical situations but not completely in others.
Some of these predictors should be explored further,
such as Tp-ed and Tp-e/QT which are relatively new in
clinical practice. In order to increase their value, they
need to be studied in healthy patients to know normal
values of markers by sex, age and maybe among races.
For achieve this aim it will be important to design studies
with long-term follow up and many patients. However,
this approach will be difficult in some conditions which
have low incidence in the general population such as
long and short QT syndromes and Brugada syndrome.
A way to increase the sensitivity of these markers could
be to combine several of them during studies in order to
reduce the margin of error.

There are other medical conditions not discussed in
this manuscript in which markers have demonstrated
positive results™"®*””? such as Kawasaki disease, systemic
lupus eythematosus, rheumatoid arthritis, chronic renal
failure, scleroderma, Duchenne muscular dystrophy,
liver transplantation, HIV-infected patients, rheumatic
fever and Chagas disease among others (Table 1).
The interest in these ventricular repolarization markers
has grown and has been introduced novel predictors
with good results™*'7#8!1 The QT variability index has
been associated with SCD. A study by Piccirillo et af"*”
demonstrated that patients with chronic heart failure
with left ventricular ejection fraction < 35% and SCD
have higher values of QT variability index than in the
group of left ventricular ejection fraction > 35%. The QT/
RR and Tp-e/RR slopes have demonstrated to be useful
to show loss of rate-dependent property in patients
with Brugada syndrome with history of ventricular
fibrillation™’®). Another marker commonly studied in
patients with ventricular tachycardia is JT interval and
its correction by heart rate. A study population of 20
patients with idiopathic ventricular tachycardia and 30
controls demonstrated that JT interval and its correction
by heart rate were higher in patients with previous
history of malignant arrhythmias JT (272 £ 36 ms vs
265 £ 25 ms, P = 0.01), JTc (336 = 28 ms vs 318
+ 18 ms, P=0.01)""°". T wave alternant have been
proposed has a marker for heart heterogeneity and lead
to electrical instability. These phenomenon have often
found in patients with long QT syndrome that develop
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MVAI®, Also, it has been assessed the value of T wave
alternant in predicting SCD in patients after an acute
myocardial infarction™®,

Currently there is a growing evidence to support the
use of these markers to evaluate the risk of ventricular
arrhythmias. However, it should be necessary to discuss
some possible limitations on their use: (1) The manual
determination of T wave offset is unreliable, principally
when there is a low T wave amplitude and merges of
T waves with U and/or P waves. In order to reduce
the margin of error it has been developed automatic
methods!. A precise calculation of some markers as
Tp-e could be difficult in clinical practice and a computer
method may represent a better choice; (2) For an
accurate assessment of QTd is necessary all 12 leads
of the ECG to be recorded simultaneously in order
to avoid the effect of QT dynamicity™. However, not
always is possible to achieve this aim due to mainly to
technological deficit in non-developed countries; and
(3) Although the utility of these markers for predicting
malignant arrhythmias has been recognized, there are
some conditions such as long and short QT syndromes,
Brugada syndrome and early repolarization pattern
when the patients’ risk stratification must be evaluated
taking into account another variables such as gender,
age, family history and gene mutations.

These markers extend our alternative for arrhythmias’
prediction. It is necessary to continue medical studies in
this field with the aim to clarify some aspects discussed
above and to achieve a global consensus which would
result in better management of our patients.

CONCLUSION

The QTc, QTd, Tp-e, Tp-ed and Tp-e/QT have been found
to be useful in predicting malignant cardiac arrhythmias
in multiple medical conditions, but further long-term
studies are needed. The aim should be to include them
as tools to evaluate arrhythmogenic risk and as a way to
improve clinical management of patients.
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