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Abstract
Ventricular repolarization is a complex electrical pheno-
menon which represents a crucial stage in electrical 
cardiac activity. It is expressed on the surface electro-
cardiogram by the interval between the start of the QRS 
complex and the end of the T wave or U wave (QT). 
Several physiological, pathological and iatrogenic factors 
can influence ventricular repolarization. It has been 
demonstrated that small perturbations in this process can 
be a potential trigger of malignant arrhythmias, therefore 
the analysis of ventricular repolarization represents 
an interesting tool to implement risk stratification of 
arrhythmic events in different clinical settings. The aim of 
this review is to critically revise the traditional methods of 
static analysis of ventricular repolarization as well as those 
for dynamic evaluation, their prognostic significance and 
the possible application in daily clinical practice.
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Core tip: The analysis of the role of ventricular repolari-
zation perturbations as potential triggers of malignant 
arrhythmias has increasingly gained interest, particularly 
as a potential tool for the risk stratification of arrhythmic 
events in different clinical settings. Several measures 
of ventricular repolarization have been developed 
and tested in clinical practice. This review critically 
revises the traditional methods of static analysis as 
well as those for dynamic evaluation, their prognostic 
significance and the possible application in daily clinical 
practice.
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INTRODUCTION
The electrocardiogram (ECG) is widely used in clinical 
practice for the diagnosis of cardiac arrhythmias, 
conduction disturbance, structural changes of the 
myocardium, myocardial ischemia, drug effects, and 
electrolyte and metabolic disorders. The ECG waveforms 
are the expression of transmembrane action potentials 
(APs) of atrial and ventricular myocytes[1].

ECG recording in a normal cardiac cycle is com
posed of two basic processes: Depolarization and 
repolarization. Ventricular depolarization and activation 
is represented by the QRS complex, whereas ventricular 
repolarization (VR) is expressed as the interval from the 
beginning of the QRS complex to the end of the T wave 
(QT interval). VR is a complex electrical phenomenon 
which has been studied in detail[2,3].

It is a crucial step in cardiac electrical activity consis
ting of a recovery period with the return of the ions to 
their previous resting state, which corresponds with 
the relaxation of the myocardial muscle, thus setting 
the stage for the next depolarization and contraction. 
On the surface ECG, VR is made up of the Jwave, 
STsegments, and T and U waves[1]. Over the years 
previous studies have emphasized the role of VR 
alterations in predisposing to lethal arrhythmias[4,5] and 
thus the analysis of VR has increasingly gained interest, 
particularly as a potential tool for the risk stratification of 
arrhythmic events[6,7], integrating other wellestablished 
parameters[8].

This review aims to critically revise the available 
static and dynamic methods of VR analysis and their 
application in clinical practice.

PATHOPHYSIOLOGICAL BACKGROUND 
OF VENTRICULAR REPOLARIZATION 
MEASURES
VR measures have been proposed to stratify arrhythmic 
risk due to their ability to reflect abnormalities in cardiac 
electrical activity predisposing to the occurrence of 
malignant arrhythmias. Cardiac structural and electrical 
alterations may cause abnormalities in APs, and in the 
refractory period and conduction velocities of adjacent 
myocardial areas, thus leading to spatial heteroge
neity and temporal fluctuations in repolarization and 
favoring the onset of arrhythmias[9,10]. Furthermore, 
it has been demonstrated that autonomic nervous 
system (ANS) activity can interact with structural heart 
diseases, affecting the VR and promoting the onset of 
arrhythmias. Moreover, the modulation of VR by ANS is 

not limited to its influence on sinus node regulation and 
on heart rate (HR). In fact, there is a direct regulation 
by ANS on APs through the regulation of the activity 
of ion channels[11]. Furthermore, the effects of vagal 
and sympathetic systems should not be considered 
singularly. Sympathovagal interactions are fundamental 
in regulating heart function and conditions which alter 
the sympathovagal balance, facilitate cardiovascular 
instability and can lead to arrhythmias[8].

Finally, several drugs have been showed to affect 
VR and prolong the QT interval, inducing alterations 
which can predispose to ventricular arrhythmias[12,13]. 
From these considerations, the importance of the 
analysis of VR and the QT interval in the evaluation 
of arrhythmic risk, drug effects and liability of the 
ventricular arrhythmias is clear (Figure 1). Since the 
earliest demonstrations that a prolonged corrected 
QT interval (QTc) is associated with an increased risk 
of ventricular arrhythmias and sudden cardiac death 
(SCD), in patients with myocardial infarction[14], as well 
as in patients taking QTprolonging drugs[15], interest 
in the assessment of QT prolongation grown. At the 
same time, the role of QTc prolongation as a marker for 
arrhythmic risk is controversial[16] and measures of QT 
dispersion at ECG did not always demonstrate the ability 
to predict the risk of arrhythmic events[17]. Thus, as 
an alternative to “static evaluation” of the QT interval, 
different measures of QT variability and dynamicity 
have been proposed, better representing the complex 
interactions between arrhythmic substrate, HR and ANS 
activity and offering a more complete assessment of VR 
and estimation of arrhythmic risk[18]. 

MEASUREMENT OF QT INTERVAL 
The measurement of the QT interval represents the 
traditional approach to the analysis of VR.

Methodological aspects
The QT interval is calculated as the distance between 
the first deflection of the QRS and the end of the T wave 
on the surface ECG. Measurement of the QT interval 
by surface ECG can be performed either manually or 
automatically[11,1922].

In the manual measurement, the end of the T wave 
is determined as the intersection between the tangent to 
the steepest downslope of the T wave and the isoelectric 
line[22], but this method can be timeconsuming and 
is liable to interreader variability. Recommendations 
concerning QT measurement have not proposed a single 
defined lead (lead II or the lead with the largest T wave) 
or a mean QT derived from an arbitrary subset of leads. 
As consequence of this lack of a systematic approach, 
there is a variation in sensitivity and specificity for single 
lead measurement of the QT interval in predicting 
the risk of major arrhythmic events. The interlead 
QT variation associated with the observation that in 
healthy individuals the longest QT interval is most 
frequent in leads V2 to V5 and that the QT interval is 
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not closely related to T wave height makes it difficult 
assessing ventricular recovery by measuring a single 
QT interval[2326]. The measurement of the QT dispersion 
addresses this challenge as subsequently explained. It 
is widely recognized that the typical measurement of 
the QT interval is subject to different interpretations due 
to different factors, such as autonomic tone, electrolytes 
imbalance, technical aspects, variations in T wave 
morphology, presence of U waves, and noisy baseline. 
The absence of agreement among experts and of a 
standardized measure of the QT interval contributes to 
interobserver variability[27,28]. 

The main problems regarding the automated 
measurement are related to the T wave morphology 
(flat, bifid, biphasic) and to the presence or absence 
of the U wave. Consequently, the measurement of the 
QT interval requires a lot of experience and a good 
interpretation of the ECG signal[29]. In addition, some 
of the automated QTc interval monitoring strategies 
are laborintensive, and dependent on expensive 
technology[30] and experts disagree on the utility and 
efficacy of automated readings when compared with 
careful manual measurements[31]. The other relevant 
aspect in the measurement of the QT interval is its 
dependence on HR, the main physiological factor 
influencing VR. The QT interval is inversely correlated 
with HR prolonging at a slower HR and shortening at 
faster one. In order to minimise the influence of this 
factor on the measurement, it is essential to make a 
correction of the QT interval for HR (QTc). Different 
formulas have been developed in order to adjust QT 
for HR. Those most commonly used are Fridericia’s 
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formula: QTc: QTxRR1/3[32], and Bazett’s formula: QTc: 
QTxRR1/2[33], where RR means the time interval and QT 
means the distance.  However different opinions exist 
as to the best and most useful correction for HR and 
the evidences remain unclear and contrasting[3436]. The 
normal range of QTc has been assessed by Straus et 
al[37] who established the genderspecific variability of 
QTc measurement. The authors subdivided the Bazett
corrected QTc interval into genderspecific groupings 
and further subdivided the QTc interval into normal, 
borderline, and prolonged categories. 

Considering the lack of standardization and recom
mendations for the best method to measure QT, a 
broad of experts proposed guidelines for measuring the 
QT interval[31]. 

The expert group from the American Heart Asso
ciation (AHA) and American College of  Cardiology 
Foundation (ACCF) recommends that a QTc over the 
99th percentile should be considered abnormally 
prolonged. Approximate 99th percentile QTc values for 
otherwise healthy postpubertal individuals are 470 ms 
for males and 480 ms for females[38]. 

Clinical implications 
Marked prolongation of the QT interval is a well
established proarrhythmic risk factor in the general 
population[39] in patients with coronary artery disease[40], 
hypertrophic cardiomyopathy (HCM)[41], or heart failure 
(HF)[42] and in patients taking QTprolonging drugs[43]. 
However, the clinical usefulness of QT measurement has 
mainly been demonstrated in both congenital[43] and 
acquired long QT syndrome (LQTS)[44]. 

Premature ventricular beats

Drugs

Myocardial ischemia

Autonomic nervous
system activity

Non-homogenic refractoriness
Ventricular repolarization abnormalities

Electrolyte abnormalities

Arrhythmogenic substrate

Fibrosis - hypertrophy
Systolic dysfunction

Ionic channel
abnormalities

Malignant ventricular
arrhythmias

QT interval prolongation

Figure 1  Structural and functional cardiac abnormalities and interaction with the other factors are able to induce non-homogenic refractoriness and 
abnormalities in ventricular repolarization leading to QT interval prolongation.
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of possible pathophysiological mechanisms, related 
genetic mutations and other possible explanations, 
besides the wellknown channelopathy, are available in 
the literature[5759]. 

Acquired long QT syndrome 
In daily clinical practice, one of the most frequent 
application of QTc measurement is the monitoring of 
druginduced QTc prolongation, the aim of which is to 
mitigate the risk of Torsade de Pointes (TdP) and other 
ventricular arrhythmias and prevent SCD. Several 
drugs have been shown to induce perturbation of VR 
and prolongation of QT interval, increasing the risk of 
ventricular arrhythmias such as TdP and SCD. There has 
been increased research into the mechanisms involved 
in druginduced LQTS in patients in treatment with 
these drugs. Those generally involved in acquired LQTS 
are cardiac drugs such as class IA and III antiarrhythmic 
drugs, while the noncardiac ones include antibiotics, 
antihistamines, antidepressants, antipsychotic and 
methadone. An updated list of drugs that can potentially 
cause QT prolongation is available on the Internet where 
they are classified into the following four categories: (1) 
drugs with known risk of TdP; (2) drugs with possible 
risk of TdP; (3) drugs with conditional risk of TdP; and 
(4) drugs to avoid in congenital LQTS (https://www.
crediblemeds.org/newdruglist/). Medications that 
cause QT prolongation generally act by blocking Ikr, a 
potassiumchannel protein that regulates an important 
rapid delayed repolarizing current in phase 3 of the 
cardiac AP. This protein is encoded by the human ether
agorelated gene (HERG), mutated in the LQT2 form of 
the congenital syndrome[60]. The blocking of Ikr causes a 
lenghthening of AP in cardiac myocytes and QT interval, 
thus increasing the risk of ventricular arrhythmias and 
SCD[16,61]. However many drugs blocking the Ikr current 
do not seem to cause TdP (e.g., amiodarone). Other 
mechanisms involved in druginduced LQTS have been 
described and concern the loss of K channels (e.g., 
fluoxetine) and an increased inward sodium current, 
such as that produced by cisapride and antimony[6265]. 
However, druginduced LQTS is not easy to predict in 
any given individual and the same medication does 
not exhibit the same proarrhythmic effects in different 
individuals[16]. Indeed, some individuals taking QT 
prolonging drugs, may develop QTc prolongation with or 
without TdP, or may not experience QTc prolongation, 
while several authors have also demonstrated genetic 
predisposition to acquired LQTS[61,66]. However, only a 
small proportion of patients taking QT prolonging drugs 
experience TdP and, at the same time, TdP can develop 
in patients with a normal QTc interval[27]. Additional 
risk factors causing QT prolongation and favoring drug
induced VR alterations and TdP have been identified. 
They include hypokalemia, drugdrug interactions, the 
female gender, advancing age, genetic predisposition, 
hypomagnesemia, heart failure, bradycardia, and 
baseline QTc interval prolongation. Many risk factors 
are potentially modifiable and should be corrected in 

Congenital LQTS 
The congenital LQTS was described for the first time 
in 1957 and since then remarkable efforts have 
been made to define its pathogenesis, diagnosis and 
treatment[45]. Genetic studies have shown that LQTS is 
caused by pathogenic mutations in 15 genes encoding 
cardiac ion channels or membrane adaptors and 
thus different LQTS genotypes have been identified. 
Pathogenic mutations identified in the KCNQ1 and 
KCNH2 genes as well as in the sodium channel, 
encoded by SCN5A, are responsible for nearly 80% of 
all clinically diagnosed cases. All other genes together 
account for less than 5% of LQTS cases[46]. LQTS 1, 2 
and 3 are the most common genotypes, representing 
80%90% of the total cases of inherited LQTS[47,48]. 
Due to limitations of space and the different purposes 
of this article, our focus is mainly on the diagnostic 
criteria of the congenital LQTS. However, details about 
specific triggers, clinical presentation, prevalence and 
genetic aspects, risk stratification and therapeutic 
advances are available in the literature[4953]. As regards 
the diagnosis of LQTS, a scoring system, updated in 
2011, and including symptoms, family history and ECG 
findings was proposed by Schwartz et al[54]. In 2013 an 
expert consensus, incorporating the Schwartz score, 
drafted the following recommendation for the diagnosis 
of LQTS[50]. Congenital LQTS is diagnosed when the 
LQTS risk score is ≥ 3.5, in the absence of a secondary 
cause for QT prolongation and/or in the presence of 
an unequivocally pathogenic mutation in one of the 
LQTS genes, or it can be diagnosed in the presence of a 
corrected QT interval for HR using Bazett’s formula (QTc) 
≥ 500 ms in repeated 12 lead ECG and in the absence 
of a secondary cause for QT prolongation. Moreover 
LQTS can be diagnosed in the presence of a QTc 
between 480 and 499 ms in repeated 12lead ECGs in 
a patient with unexplained syncope in the absence of a 
secondary cause for QT prolongation and in the absence 
of a pathogenic mutation[50].

Short QT syndrome
ShortQT syndrome (SQTS) is a clinical entity originally 
described by Gussak et al[55] in 2000 as an inherited 
syndrome in a family with paroxysmal atrial fibrillation 
and constantly shortened QT intervals. 

Subsequently, a high familial risk for sudden 
cardiac death associated with a short QT interval was 
demonstrated by Gaita et al[56] in the members of a 
family with a history of syncope or palpitations, as well 
as one case of sudden death resuscitation. A strong 
family history of sudden death, present in 4 generations, 
was detected. The family members had a very short QT 
interval at ECG, which never exceeded 280 and 290 ms 
when corrected for HR with Bazett’s formula (QTc). The 
authors provided a definition of SQTS as characterized 
by familial sudden death, short refractory periods, and 
inducible ventricular fibrillation. The definition of SQTS 
became a possible diagnosis for yet unexplained SCD 
in patients without structural heart disease. Details 
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and TdP. According to the AHA’s practice standards for 
ECG monitoring in hospital settings, the indications 
for QTinterval monitoring include the following: (1) 
initiation of a drug known to cause TdP; (2) overdose 
from potentially proarrhythmic agents; (3) newonset 
bradyarrhythmias; and (4) severe hypokalemia or 
hypomagnesemia. Due to the lack of clarity regarding 
the types and amounts of drugs taken in an intentional 
overdose situation, it is prudent to monitor QT intervals 
in all overdose victims[38]. To achieve a longterm 
reduction in the risk of druginduced QTc prolongation 
and TdP in hospitalized patients, a risk score has been 
developed and validated. The authors suggested that, 
by using easily obtainable risk factors, the risk score 
can identify patients at highest risk for inhospital QTc 
prolongation and, thus, could be incorporated into 
clinical decision support system to guide monitoring and 
treatment decisions[30]. 

Acquired LQTS and antipsychotic: An unclear scenario
Among the drugs known to cause QTprolongation, 
antipsychotic agents are probably the most studied. 
Since the development and marketing of the first 
molecules, a close relation has been found with QTc 
prolongation and an increased risk of major arrhythmic 
events such as TdP[77,78]. Antipsychotic drugs are widely 
used in the treatment of schizophrenia, mood disorders 
and somatic symptoms.

Conventional or first generation antipsychotics have 
been widely recognized as being associated with an 
increased risk of cardiac arrhythmias, TdP and SCD[79]. 

Since the early 1960s, sudden unexpected deaths 
with antipsychotic use have been reported[77]. 

Among the first generation antipsychotics, the 
described association between thioridazine and 
haloperidol with TdP or SCD led to the withdrawal of 
thioridazine from the market by its producer in 2005 
and to the use of label warnings by the Food and 
Drug Administration for intravenous haloperidol[80,81]. 
However, the rate of ventricular arrhythmia, sudden 
death, and unexplained or unattended death did not 
appear to increase with the dosage for either thioridazine 
or haloperidol, suggesting that lowdoses of these 
drugs have similar cardiac safety[82]. As in the case of 
thioridazine and haloperidol, data on the safety profile 
and possible link of other first generation antipsycho
tics with severe arrhythmias are contradictory[8385]. 
When first introduced, atypical or second generation 
antipsychotics were considered to be safer than first 
generation antipsychotics as regards the QTc pro
longation and arrhythmic risk[84,86,87]. However these 
promising data were not univocally confirmed[88]. 
Among the second generation antipsychotics available, 
lurasidone and aripiprazole seem to have minimal effect 
on QTc interval[8991]. It should be noted that patients 
with schizophrenia are more likely to experience SCD 
and QTc prolongation than individuals from the general 
population because of treatmentrelated metabolic 
disorders and autonomic dysfunction linked to the 

those patients at risk for QT interval prolongation. It 
has been reported that all patients with TdP secondary 
to noncardiac drugs have established risk factors. 
Most patients manifestating druginduced LQTS have 
at least one identifiable risk factor in addition to drug 
exposure[13,27,67]. Female gender is the most common 
risk factor[68]. Age has also been detected as a risk 
factor for QT prolongation, particularly when combined 
with additional risk factors, such as female gender, 
personal or family history of presyncope or syncope, 
electrolyte disturbances or cardiovascular disease[69]. 
Impaired glucose tolerance and diabetes were 
observed to be associated with an increased likelihood 
of prolonged QTc independent of age, race, gender, 
education, and heart rate. In addition, persons with 
diabetes and multiple cardiovascular disease risk factors 
were more likely to have a prolonged QTc than those 
with Normal Glucose Tolerance and no additional risk 
factors, suggesting that this group may be at increased 
risk for cardiac arrhythmia and sudden death[70]. 
Hypokaliemia is a very common QTprolonging factor 
and is often detected in patients with druginduced 
QT prolongation and TdP and some proposals have 
been made as to the different mechanisms that may 
potentially be involved[61,71]. Other metabolic conditions 
correlated with QTprolongation are hypothyroidism, 
hypocalcemia and hypomagnesemia as well as hepatic 
diseases[72,73]. The “fiveyear crosssectional ECG 
screening Outcome in psychiatry study” revealed that 
patients with druginduced LQTS had a significantly 
higher frequency of hypokaliemia, hepatitis C virus  
infection and abnormal T wave morphology. The drugs 
mostly involved in QT prolongation were haloperidol, 
clotiapine, phenothiazines and citalopram[74]. Another 
recognized risk factor is represented by the  polytherapy 
and the concomitant use of medications known to 
prolong QT[13,75]. A prospective observation study 
carried out in the United States demonstrated the high 
prevalence of QTc prolongation in patients admitted 
to cardiac units, with 28% of patients presenting with 
QTc prolongation (defined as ≥ 470 ms in males 
and ≥ 480 ms in females) and 18.2% with a QTc > 
500 ms at admission. The study revealed that of 251 
patients admitted with QTc interval prolongation, 87 
(34.7%) were subsequently administered QT interval
prolonging drugs, and 166 of the patients admitted with 
QTc interval > 500 ms, 70 (42.2%) were subsequently 
administered QT intervalprolonging drugs. Moreover 
additional QTc interval prolongation ≥ 60 ms occurred 
in 57.1% of these patients[76]. The authors also 
suggested that hospitalized patients are more prone to 
develop QTc prolongation due to the presence of other 
risk factors such as heart disease, electrolyte imbalance, 
and advanced age associated with the administra
tion of QTc prolonging drugs. The statement from the 
AHA/ACCF underlined the importance of collecting 
the medical history and the risk factors of each single 
hospitalized patient in order identify those at higher 
risk and minimize the possibility of QTc prolongation 
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mesoridazine and pimozide or in the presence of cardiac 
risk factors, ziprasidone, or following the addition of 
another QTprolonging medication[98,99]. Based on a 
relevant literature research, Shah et al[100] recently 
provided clinical practice guidelines for monitoring QTc 
intervals in patients being treated with antipsychotics. 
The authors reported that antipsychotics can be 
prescribed without pretreatment ECG and without 
ECG monitoring, with the exception of patients with 
increased cardiac risk, antipsychotics with known 
risk of TdP and SCD, patients with an overdose of 
antipsychotic agents. In these cases ECG monitoring 
is recommended. If a pretreatment ECG indicates a 
prolonged QTc, the ECG should be repeated and risk 
factors assessed and it is advisable to use lusaridone, 
which is the agent with minimal QTc prolongation. 
If QTc prolongation is assessed during antipsychotic 
treatment, the ECG should be repeated and monitored 
in case of continuous QTc prolongation in association 
with evaluation and correction of serum electrolytes. 
If a patient being treated complains of syncope or 
palpitations, discontinuation of the antipsychotic can be 
considered.

Prognostic significance in cardiovascular disease
As already outlined, several cardiovascular diseases 
are associated to QTc prolongation. Those known to 
predispose to QTprolongation are HF, cardiac arrhy
thmias, bradycardia, myocardial ischemia, and HCM[4042]. 
Prolonged QTc reflects cardiac repolarization prolongation 
and/or increased repolarization inhomogenity known to 
be associated with an increased risk of arrhythmias[101]. 

QTc prolongation has been widely observed in 
patients with myocardial infarction and it has been 
suggested as one of the earliest ECG abnormalities in 
transmural ischemia[102] and a prognostic marker of 
arrhythmic events[103]. 

Thus, for some time, the assessment of QTc inter
val has been considered an interesting tool in the 
evaluation of the arrhythmic risk[104,105] improving the 
accuracy of the personalized cardiovascular prognosis 
when associated to conventional risk models for 
cardiovascular diseases[106]. 

However, data available in literature concerning 
the role of QTc prolongation in the risk assessment are 
not univocal. The QTc interval did not seem a useful 
prognostic tool after acute myocardial infarction[107] 
and reduced left ventricular ejection fraction (LVEF) 
and frequent ventricular premature complexes were 
found to be the most important factors for predicting 
subsequent SCD after acute myocardial infarction[108]. 

Similarly in patients with HF, baseline QTc interval 
within normal limits seems to be associated with a 
marked reduction in mortality, suggesting its possible 
usefulness in identifying patients who might benefit from 
prophylactic treatment with antiarrhythmic drugs[109]. 
Prolonged QTc interval has been found to be a strong, 
independent predictor of adverse outcomes in patients 
with advanced HF with BNP levels > 400 pg/mL[110]. 

underlying psychiatric illness[92,93]. Given all of these 
evidence, and considering the contradictory and 
inconclusive data available, it is easy to imagine how 
difficult the assessment of the individual risk in patients 
taking antipsychotic agents must be. In fact, drug
induced LQTS is unpredictable in any given individual. 
Because of all the possible medical complications 
associated with antipsychotics, Nachimuthu et al[62] 
and Shulman et al[94] highlighted the importance of a 
multidisciplinary approach which takes into account 
preexisting heart or other diseases, personal or family 
history of ventricular arrhythmias or syncope, metabolic 
and endocrine disorders such as hypothyroidism and 
hypokalemia in order to reduce the risk of adverse 
events. Some authors recommend performing an ECG 
before and shortly after initiation of treatment with 
an antipsychotic drug in order to screen for existing 
or emergent prolongation of the QT interval[95]. The 
majority of authors recommend a baseline ECG for 
patients with personal or family history of cardiovascular 
disease or signs of arrhythmias, such as syncope, 
and for those patients taking another agent known to 
prolong QTc[96]. De Hert et al[97] performed a systematic 
review of the practice guidelines for the screening 
and monitoring of cardiometabolic risk in patients 
with schizophrenia and related psychotic disorders 
using the Appraisal of Guidelines for Research and 
Evaluation. The authors concluded that four European 
guidelines can be recommended for clinical use in daily 
clinical practice and proposed a monitoring protocol 
to manage cardiovascular disease risk. After a careful 
research of the literature, Trinkley et al[13] concluded 
that it is necessary to perform a careful and systematic 
monitoring of ECG and electrolytes, after the initiation 
of QTintervalprolonging drugs. Where there are risk 
factors for QTc prolongation, patients should be trained 
to go to the emergency room in case of palpitations, 
lightheadedness, dizziness or syncope. When the 
QTc interval is 470500 ms for males, or 480500 ms 
for females, or the QTc interval increases by 60 ms 
or more from pretreatment values, dose reduction 
or discontinuation of the offending drug should be 
considered if possible, and electrolytes corrected as 
needed. Furthermore, if the QTc interval is ≥ 500 
ms, the drug should be discontinued, and continuous 
ECG telemetry monitoring should be performed, or a 
12lead ECG should be repeated every 24 h, until the 
QT interval has normalized[13]. The American Psychiatric 
Association practice guidelines report that an absolute 
QTc interval > 500 ms or an increase of 60 ms from 
baseline requires dosage reduction or discontinuation 
of the agent. Serum potassium levels and an ECG 
should be obtained before initiating treatment with 
thioridazine, mesoridazine and pimozide and in the 
presence of cardiac risk factors, known heart disease, 
personal history of syncope, a family history of sudden 
death under 40 years age or LQTS before treatment 
with ziprazidone. An ECG should be performed again 
after a significant change in the  dose of thioridazine, 

Monitillo F et al . Ventricular repolarization and arrhythmic risk



63 January 26, 2016|Volume 8|Issue 1|WJC|www.wjgnet.com

that in the absence of more objective criteria for the 
separation of the T wave and U wave, measuring the 
QT dispersion appears to be unstable and its statistical 
validity is disputable.

New measurements have gradually been added to 
the traditional measurement of QT dispersion, among 
which are the following: (1) QTd in the precordial 
leads: The measurement is carried out only in the 
precordial leads, considered closer to the heart and, 
therefore, more reliable; (2) QTcd in the 12 leads and 
in the precordial leads: The measurement is performed 
using the values   of QTc (Bazett’s formula)[120]; (3) QT 
“adjusted”: The value of QT dispersion is adjusted to 
the number of leads on which the calculation is made 
(QTd/numbers of leads); (4) and QT “relative” and QTc 
“relative”: Respectively, the standard deviation of the 
QT/QT average x 100 ratio and the standard deviation 
of the QTc/QTc average x 100 ratio on the 12lead ECG.
 
Clinical implications and prognostic significance
The electrophysiological mechanisms through which 
the dispersion of ventricular repolarization may induce 
ventricular arrhythmias are different. Kuo et al[116] 
identified at least three: The formation of an ectopic 
focus; the creation of a reentry circuit facilitated by 
conduction from an area with long refractoriness to 
an area with short refractoriness; and the creation 
of a reentry circuit facilitated by an area with short 
refractoriness to an area with prolonged refractoriness. 
The increase in the QTd has been associated to vul
nerability in the development of ventricular tachycardia 
(VT), particularly in patients with previous myocardial 
infarction[121]. A cross sectional American study com
pared 100 patients with coronary artery disease and 
a history of arrhythmia events with 70 patients with 
previous myocardial infarction. QTd was measured in all 
cases.

It was observed that QTc and QTd were consistently 
higher in patients with susceptibility to episodes of 
sustained and unsustained VT as well as in the post 
infarction patients[122].

The mechanism underlying the origin of VT in post 
infarction has been recognized to be a mechanism 
of reentry[122125]. The role of increased dispersion of 
repolarization in the genesis of ventricular fibrillation 
has also been generally accepted[126] and infarct scar 
and reentrant circuits are known to be substrates in 
the pathogenesis of sustained monomorphic VT[127]. 
Strong evidence supports the hypothesis that dispersion 
of refractoriness and repolarization provides a patho
physiologic basis for reentry[128,129]. Furthermore, QTd 
has been shown to reflect the dispersion of recovery 
times and repolarization. Thus, increased QTd sug
gests the presence of a substrate for ventricular 
tachyarrhythmias, more realistically by a reentry 
mechanism[117,118,121,122]. Changes in QTd evaluated in a 
population of patients after percuteneous coronary inter
vention were predictors of longterm cardiac mortality, 
confirming how a defective QTd recovery suggests the 

At the same time, prolonged QRS interval, but not 
prolonged QTc interval, was observed to be associated 
with increased longterm mortality in patients with 
acute decompensated HF[111]. 

Moreover, the role of QTc prolongation as a marker 
of arrhythmic risk is not widely confirmed, sometimes 
judged “imperfect”, and nowadays its role remains 
controversial[112,113].

Despite the large number of studies on the evalua
tion of QTc in cardiovascular diseases, data about its 
utility are not consistent and the measurement of QTc 
interval in daily clinical practice is not widely carried out. 
Based on this background, other strategies to assess 
abnormalities of VR in cardiovascular diseases have 
been proposed.

QT DISPERSION
The “simple” measurement of QT interval cannot 
always permit a complete assessment of the arrhythmic 
risk. The analysis of the QT dispersion seems to more 
accurately represent the nonuniform prolongation of 
APs and heterogeneity of the duration of the refractory 
periods and the conduction velocities of adjacent 
myocardial areas, thus better analyzing the perturbation 
of VR.

Various experimental studies have highlighted 
the close relationship between the dispersion of the 
myocardial repolarization and the development of 
ventricular arrhythmias[114116]. 

A noninvasive method to highlight the inhomo
geneity of myocardial repolarization time has been 
proposed, i.e., the measurement of the variability of 
the QT interval duration in the different leads of the 
standard 12lead ECG[117,118].

Methodological aspects
QT dispersion (QTd) is the measurement of the 
variability of the QT interval on the 12lead surface 
ECG, defined as the difference between the maximum 
QT and minimum QT calculated[119]. This phenomenon 
was described by Campbell et al[24] who demonstrated 
small but significant differences between the QT 
intervals of different leads measured by a digitizer 
program. The normal value of QTd is less than 5070 
ms. The standard deviation of repeat measurements 
is approximately 6 ms when an experienced observer 
measures from recordings made at 50 mm/s and 10 
mV/cm. When the digitizer is used the normal rate
corrected values for QTd are between 20 ms and 50 ms 
with values after infarction rising to 60100 ms and to 
as high as 150200 ms in patients with LQTS[26].

There are more discrepancies about the deter
mination of the end of the T wave, the lead group to 
be used, and the use of manual or automatic measure
ments. Surely, the greatest difficulties in the assessment 
of electrocardiographic VR are based essentially on the 
lack of universally accepted criteria for defining the end 
of the T wave. In particular, Kautzner et al[119] concluded 
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The QTRR slope is highly individual. Generally 
the QTRR slope is steeper in women than men and 
has higher values during the day than at night due to 
the ANS influence[136]. A steeper QTe slope indicates 
that the QT interval is more prolonged with longer RR 
intervals and shortens more with shorter RR intervals. 
The steeper the QTeslope, the greater the arrhythmic 
risk[18]. Another parameter of QT dynamicity, QT/RR 
variability ratio, was proposed by Jensen et al[137]. This 
is the ratio between the standard deviation of all QT 
intervals and the standard deviation of all RR intervals. 
Whereas QT dynamicity is based on the analysis of QT/
RR relationship, “QT variability” is based on the analysis 
of beat to beat changes in duration and the morphology 
of VR. HR and ANS can influence QT variability, but do 
not entirely explain beat to beat repolarization changes. 
These can depend on fluctuations in ion channel activity 
and number[18]. QT variability can be measured during 
a shortterm (256 s or 30 beats) or 24h period, 
distinguishing into short term and long term variability. 
Its measurement is not standardized, so several 
algorithms have been developed in order to quantify it. 
In 1997, Berger et al[9] proposed a first semiautomated 
algorithm able to measure temporal beattobeat lability 
of repolarization.  In this instance, the operator selects 
the start and the end of the QT interval of one beat 
and the algorithm by stretching or compressing the JT 
segment identifies the QT interval of all other beats. 
Moreover, Berger et al[9] developed an index, called the 
QT variability index (QTVI), that is the log ratio between 
the QT interval and HR variability, both normalized by 
their mean values.

Most studies use this method in order to evaluate QT 
variability, but other algorithms have been proposed.

Burattini et al[138] proposed a time domain method 
which is able to quantify beattobeat variability of 
repolarization morphology without the need to exactly 
define the T wave end. 

Starc et al[139] proposed a fully automated time
shifting algorithm that estimates the QT interval cons
tructing separate QRS and T wave templates and shifting 
them in time. This algorithm has been shown to be the 
best method in order to measure QT variability[140]. On 
the basis of these considerations the assessment of QT 
dynamicity and/or variability allows a more complete 
evaluation of ventricular repolarization because they 
reflect the interaction between the arrhythmic substrate, 
the increased vulnerability of the myocardium, HR and 
ANS activity.

Prognostic role of QT dynamicity and variability
The increased QT variability and dynamicity probably 
build up repolarization heterogeneity inducing the onset 
of arrhythmias. Therefore a number of studies have 
investigated the role of an increased QT dynamicity and 
variability as predictor of arrhythmic events in different 
clinical settings. QT dynamicity was demonstrated to be 
able to predict major arrhythmic events in patients with 
both idiopathic and ischemic dilated cardiomyopathy, 

persistence of repolarization inhomogeneities[130]. 

QT DYNAMICITY AND QT VARIABILITY 
Measures of QT variability and dynamicity have been 
proposed as an alternative to the “static” evaluation of 
VR and seem to offer a more complete picture of the 
complexity of VR components. 

Methodological aspects
Several kinds of softwares have been developed in 
order to dynamically analyse the QT interval and QTd 
from 24h Holter recordings. Compared to the ECG 
static evaluation, dynamic assessment of VR allows 
the analysis of the relationship between the duration 
of the QT interval and HR changes and the effects of 
the ANS on both these elements. Moreover, through 
the measurement of the variability of VR duration and 
not its duration in absolute terms, this kind of analysis 
allows technical difficulties related to the exact definition 
of the T wave end to be reduced.

Dynamic behaviour of repolarization may translate 
in beatto beat changes in repolarization duration and 
morphology[18,131]. 

QTRR relationship and QT variability reflect an 
increased vulnerability of the myocardium and changes 
in autonomic HR control, which are conditions related to 
the increased risk of SCD[132]. The automatic assessment 
of VR dynamicity is based on the measure of: QT 
apex (QTa): The interval between the Q wave start 
and the T wave apex. The T-wave apex is identified by 
interpolation of a parabola with the peak of the Twave. 

QT end (QTe): The interval between the Q wave 
start and the T wave end, Twave end is determined by 
the intersection of the tangent of the downslope of the 
Twave with the isoelectric baseline[7]. It has been shown 
that the QTa is more influenced by HR changes than 
QTe. The interval between the apex and the end of the 
T wave is rate independent and is probably influenced 
by the ANS and by activity of M cells that seem to be 
the cells involved in arrhythmogenesis[133,134].

QT dynamicity is generally assessed by 24 h ECG 
recordings which are analyzed by a specific software 
able to automatically calculate, in a template of 30 s 
the QTa, the QTe and the correspondent RR interval. By 
interpolating each measure obtained the software also 
computes the slopes of the linear regressions between 
QTe and QTa and the corresponding RR interval (QTe/
RR and QTa/RR). A steeper slope reflects a greater 
variation of QT interval for changes in RR intervals 
(Figure 2).

QTRR slope, i.e., the slope of the regression line 
between QT end and RR during a 24 h period, is consi
dered an index of QT dynamicity related to arrhythmic 
events.

The automatic measure of VR by ELA system was 
validated by Copie et al[135] in a study that did not show 
significant differences between this kind of measure
ment and the manual measurement. 
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infarction patients. Moreover, QTe slope was shown 
to be important in arrhythmic risk stratification also 
in patients with HF, regardless of etiology, both with 
relatively preserved LVEF (> 35%)[142] and with reduced 
LVEF[143]. Recently Quinteiro et al[144] evaluated the 
role of QTe slope in arrhythmic risk stratification in a 
small population of patients with HCM. They found that 
these patients presented an impaired QT dynamicity 
and QT slope was helpful in order to identify high risk 
patients. Several studies have also demonstrated the 
prognostic role of “beat to beat” QT variability. Berger et 
al[9] showed that there was an increased repolarization 
variability in a group of patients with ischemic and 
nonischemic dilated cardiomyopathy, compared with 
control subjects, regardless of HR. Subsequent studies 
confirmed the increased repolarization variability in 
ischemic and nonischemic cardiomyopathy and in 
different clinical settings, including acute myocardial 
ischemia, left ventricular hypertrophy, HCM, left 
ventricular dysfunction and LQTS[145]. Atiga et al[146] 
demonstrated the relation between an increased 
QTVI and arrhythmic risk in a population of patients 
presenting for electrophysiologic study. The QTVI 
had greater values in patients with ischemic or non 
ischemic heart disease than in healthy subjects, and 
among patients with cardiac disease those with SCD 
had the highest values. A QTVI ≥ 0.1 was a predictor 
of a higher risk of arrhythmias. Therefore the authors 
concluded that this index identified patients with SCD, 
and predicted arrhythmiafree survival. The same group 
also investigated the prognostic role of QT variability 

improving the accuracy in stratifying the arrhythmic risk 
of these patients. Our group evaluated the role of the 
QT slope as a predictor of a greater risk of ventricular 
arrhythmias in a population of patients affected by non
ischemic dilated cardiomyopathy. At univariate analysis, 
QTeslope, LVEF, nonsustained VT, and standard 
deviation of RR intervals (SDNN) were the variables 
significantly related to major arrhythmic events. At 
multivariate analysis only the QTeslope, LVEF and 
nonsustained VT remained significantly associated 
with these events, independently of SDNN, a QRS 
duration > 120 ms or betablocker therapy. Combining 
LVEF (< 35% vs > 35%), nonsustained VT and QTe
slope (> 0.19 vs < 0.19), patients with nonsustained 
VT and LVEF < 35% and patients with LVEF < 35% 
and a steeper QTe slope presented a greater risk of 
arrhythmic events than patients with a higher LVEF and 
nonsustained VT or steeper QTe slope. Considering 
these variables together, the population of patients 
with low LVEF and presence of nonsustained VT and 
a QTe slope > 0.19 represented the subgroup with the 
highest probability of arrhythmic events[7]. Chevalier et 
al[141] showed the association between a steeper QTe 
slope and a greater arrhythmic risk in a population of 
patients with ischemic cardiomiopathy. They found that 
QTe slope was a more powerful independent predictor 
of sudden death than LVEF, HR variability and late 
potentials in these patients. Another parameter of QT 
dynamicity, QT/RR variability ratio has been shown by 
Jensen et al[137] to be related to the sudden arrhythmic 
death risk in a population of postacute myocardial 
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Figure 2  QT dynamicity analysis is based on automatic measurement of QT interval (QT apex and QT end) during 24 h electrocardiogram monitoring. The 
relationship between these measures and the corresponding RR intervals allows a slope of regression analysis to be obtained. A steeper slope reflects a wider QT 
variability suggesting abnormalities in ventricular repolarization.
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the alternans phenomenon has focused on alternans 
occurring during the repolarization phase of the cardiac 
APs, also known as repolarization alternans and in 
particular in microvolt level beattobeat alternation in 
Twave morphology: The microvolt T wave alternans 
(MTWA). That has been recognized as being a strong 
predictor of ventricular arrhythmias, as assessed in a 
variety of clinical and experimental studies[154157]. There 
are two main theories that explain this mechanism. 
The first refers to a spatial dispersion of refractoriness 
which results in changes in the impulse propagation 
and repolarization. In this case the alternation of 
repolarization would be secondary to the alternation in 
the propagation of the impulse. This would occur when 
the refractory period of the cell is shorter than the time 
between two successive activations. It would block 
oneway and reentry. This hypothesis was supported 
by an experimental study.. According to the second 
hypothesis MTWA would be caused by an alternation 
in repolarization of the APs resulting in a secondary 
propagation of alternans APs[158160]. 

Methodological aspects 
The analysis is based on the alignment of ECG cycles to 
the QRS complex and on the measurement of Twave 
amplitude. The beat-to-beat fluctuations of the T-wave 
are then analyzed using fast Fourier transformation 
and MTWA is represented by the pronounced peak 
visible in the spectrum at 0.5 cycles/beat. The MTWA 
is considered significant when the alternans voltage 
exceeds a threshold (usually 1.9 microV) and if the 
alternans ratio K is ≥ 3. In general, we can judge as 
positive an alternans lasting more than 1 min, at a HR 
≤ 110 beats/min[161]. Because of the strong correlation 
between the phenomenon of MWTA and the occurrence 
of ventricular reentrant arrhythmias, its identification 
was proposed as a test to stratify the risk of ventricular 
arrhythmias[162,163]. 

The phenomenon is dependent on the HR. The 
treadmill test, a noninvasive and inexpensive test, 
is generally used for recognition. However, there are 
discordant opinions on the fact that a negative MTWA 
test can really identify a group of patients at extremely 
low risk of SCD or cardiac arrest[164167]. 

Prognostic significance
Hohnloser et al[168] found that MWTA is predictive of 
major ventricular arrhythmias with a very low event 
rate among patients with a negative MWTA. In another 
metaanalysis, a positive MTWA was associated with 
a 2.5fold higher risk of cardiac death and severe 
arrhythmias in both ischemic and nonischemic 
cardiomyopathy[169]. The Alternans Before Cardioverter 
Defibrillator (ABCD) trial demonstrated the role of 
MWTA in guiding the ICD implantation for primary 
prevention in patients with LVEF ≤ 40%, coronary 
artery disease and nonsustained VT[170]. The analysis of 
data from five studies involving 2883 patients without 
ICD demonstrated that in patients with a LVEF > 

in a population of patients with HCM, concluding 
that patients with HCM presented the increased 
repolarization variability and had a greater risk of SCD. 
The highest QTVI values were found in patients with 
bMHC gene mutation, a mutation associated with a 
worse prognosis[147]. In a substudy of the MADIT trial, 
Haigney et al[6] have shown that, in a wide population 
of postinfarction patients with a low LVEF, increased 
QT variability was associated to the occurrence of 
malignant ventricular arrhythmias (VT/ventricular 
fibrillation). Piccirillo et al[148] also evaluated the role of 
QT variability in a population of patients with ischemic 
cardiomyopathy but with a LVEF between 35 % and 
40% and in NHYA class I. A QTVI greater than or equal 
to the 80th percentile identified a high risk of SCD, 
therefore this parameter might be useful to stratify the 
risk of sudden death in this population of patients who 
do not currently meet the criteria for ICD implantation 
for primary prevention. Tereshchenko et al[149] 
investigated the role of QT variability in a population 
of patients with cardiac structural disease who had 
undergone ICD implantation for primary or secondary 
prevention of SCD. This study confirmed the prognostic 
utility of the increased repolarization variability, able 
to predict the malignant arrhythmic events risk in this 
population of patients. Nevertheless, the same group 
more recently investigated the prognostic role of QT 
variability in a population of patients with chronic HF 
(NYHA class IIIII), both with preserved and reduced 
LVEF and found that an increased QTVI was a predictor 
of cardiovascular mortality, but not of SCD, regardless 
of LVEF. The hypothesis of the authors was that in these 
patients the elevated QTVI was due to depressed HR 
variability, a predictor of cardiovascular mortality, and 
not to an increased QT beat to beat variability[150]. In 
a heterogeneous population of patients with mild to 
moderate HF, the role of QTVI in predicting increased 
cardiovascular mortality has been investigated. The 
authors observed that QTVI, as an expression of 
increased repolarization liability, is a marker of increased 
risk of cardiovascular mortality[151]. Finally, a very recent 
study on a population of patients with ischemic dilated 
cardiomyopathy, both with reduced and with preserved 
LVEF, confirmed the utility of QT variability in order 
to identify the patients with a higher risk of SCD[152]. 
Therefore increased QT/RR slopes and an increased 
QT variability can reflect a greater vulnerability of 
the myocardium and predispose the development of 
malignant arrhythmias. Thus the dynamic analysis 
of VR represents an interesting tool to improve the 
accuracy in stratifying the risk of arrhythmic events.

MICROVOLT T WAVE ALTERNANS
Definition and prognostic role
Electrical alternans is defined as a change of the 
amplitude of the waves of the ECG which manifests 
itself at alternate heartbeats. It was described for the 
first time by Hering[153] in 1908. Much of the interest in 
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parameters.
In conclusion, several measure of VR have been 

proposed but, despite the first studies concerning 
VR being nearly outdated, their role as a predictor of 
ventricular arrhythmias is not always clear and definite 
recommendations on their use in different clinical 
settings and for each single patient are still lacking and 
unfocused.

More attention should be paid to collecting a 
complete medical history of the patient and detecting 
the presence of wellestablished risk factors, cardi
ovascular conditions and medications known to cause 
QTc prolongation.

In the absence of onesizefits all approach to the 
risk stratification of arrhythmic events, it is desirable to 
combine different measures of VR with other predictors 
in each specific clinical setting.

Further robust and tailored studies are required to 
settle the existing issues and provide useful prognostic 
tools for clinician.
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