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Abstract 

The 12-lead electrocardiogram (ECG) is still the most used tool in cardiology clinical practice. Considering its easy accessibility, low cost and the information that it provides, it remains the starting point for diagnosis and prognosis. More specifically, its ability to detect prognostic markers for sudden cardiac death due to arrhythmias by identifying specific patterns that express electrical disturbances of the heart muscle, which may predispose to malignant arrhythmias, is universally recognized. Alterations in the ventricular repolarization process, identifiable on a 12-lead ECG, play a role in the genesis of ventricular arrhythmias in different cardiac diseases. The aim of this paper is to focus the attention on a new marker of arrhythmic risk, the early repolarization pattern in order to highlight the prognostic role of the 12-lead ECG.
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Core tip: By identifying specific patterns which are an expression of ventricular repolarization alterations, the 12-lead electrocardiogram plays an important role in the diagnosis of electrical disturbances and in the risk stratification of death due to arrhythmias. This review focuses the attention on the new early repolarization marker of arrhythmic risk and its prognostic implications.

INTRODUCTION

More than 100 years after its invention, the 12-lead electrocardiogram (ECG) is still the most used tool in cardiology clinical practice. Moreover, it represents the starting point for diagnosis, given its easy accessibility and low cost.

Its ability to predict sudden cardiac death (SCD) due to arrhythmias by identifying specific patterns that express electrical disturbances of the heart muscle, which may predispose to malignant arrhythmias, is universally recognized.

On a surface 12-lead ECG it is possible to recognize a phase of ventricular depolarization, represented by the QRS complex, and a phase of ventricular repolarization (VR), that conventionally begins at the QRS wave and ends at the T waves. VR is made up of the J-wave, ST-segments and T-waves and U-waves[1,2]. Over the years several studies have analyzed the characteristics of VR and have recognized visible alterations as characteristic patterns on 12-lead ECG, emphasizing the role of the latter in the genesis of ventricular arrhythmias in diff​erent cardiac diseases[3-6].

From a pathophysiological point of view, it has be​en shown that changes in the process of VR can lead to malignant ventricular arrhythmias through abnor​malities occurring in the action potential (AP) and in the refractory period of cardiac cells, thus leading to spatial heterogeneity and temporal fluctuations in repolarization, favoring the onset of arrhythmias[7,8]. 

However, an ECG can also be modulated by genetic factors which can determine an arrhythmogenic sub​strate that leads to an increased risk of SCD. This effect is particularly evident in inherited arrhythmogenic dis​orders such as long QT syndrome, short QT syn​drome and Brugada syndrome, where the ECG can identify not only specific diagnostic alterations, but also prognostic indicators. This emphasizes the role of the ECG as an instrument not only for diagnostic but also for prognostic purposes[9]. 

The aim of this review is to focus the attention on a new marker of arrhythmic risk, i.e., the early repo​larization (ER) pattern. The notions presented in the literature will be revised and the prognostic and predictive role of the 12-lead ECG will be highlighted, by recognizing, characterizing and carefully studying VR disturbances in the context of the ER pattern.
DEFINITION AND FAMILY FORM OF ER, A NEW ELECTROCARDIOGRAPHIC MARKER OF ARRHYTHMIC RISK

The early ER pattern as a 12-lead ECG marker of arrhythmic risk is a more recent discovery. It is char​acterized by a J-point elevation of at least 1 mm in two contiguous leads with a “notching” type appearance, i.e., a positive J-deflection inscribed in the S wave, or a “slurring”, i.e., a gradual transition of the QRS to the ST segment in the inferior, lateral or inferolateral leads, as defined by Haissaguerre in 2008[10] (Figure 1). 

The J-point on the ECG waveform is historically defined as the junction between the end of the QRS complex and the beginning of the ST-segment[11]. 

In the 1953, Osborn[12] described the association between hypothermia and the appearance of positive deflections due to J-point elevation associated with VF.  They were considered currents of injury. They became known as J-waves bearing his name (Osborn waves) and have become a generally accepted marker for clinical hypothermia.

In 1961, it was defined by Wasserburger et al[13] as an elevated take-off of the ST segment at the J-junction with downward concavity of the ST segment and symmetrical T waves. This elevation is manifested either as QRS slurring or notching in at least two inferior or lateral leads.

This definition remained in place until 2008 when Haissaguerre[10] shifted the focus from the ST-segment elevation to the J-point. J-point elevation was defined as being an elevation of at least 1 mm in two contiguous leads with a “notching” appearance, i.e., a positive J-deflection inscribed in the S wave, or “slurring”, i.e., a gradual transition of the QRS to the ST segment in the inferior, lateral or infero-lateral leads. The simultaneous presence of ST-segment elevation is not necessary for diagnosis (Figure 2). 

ER was historically considered a benign ECG variant, commonly seen in the anterolateral leads of young male athletes of black ethnicity but also in adolescents, accentuated by vagal tone and hypothermia[14-18]. In effect, an increase in vagal activity is known to cause an ST-segment elevation whereas sympathetic agonists normalize the ST segment[19].

A prevalence of between 1% and 5% has been estimated in healthy adults[13,20-22]. Furthermore, an inter​mittent pattern of ER is commonly observed, being only rarely present in all the ECGs performed successively on the same patient. It then becomes less common with age[23]. This evidence could be explained by the direct correlation of ER pattern with elevated testosterone plasma levels, as it is observed in young males. This would also explain the absence of the ER in older sub​jects[24]. 
Although not considered a marker of cardiovascular disease, ER has a practical importance because it may mimic the ECG of acute myocardial infarction, pericarditis, ventricular aneurysm, hyperkalemia or hypo​thermia. A dilemma may occur when a patient with ST variant presents with chest pain and no prior available ECG[25-28]. Unnecessary or incorrect diagnostic tests, therapeutic decisions, including administration of thrombolytic drugs[29], and hospital admissions might result from misinterpretation.

The available literature also provides evidence of a possible hereditary pattern of ER. In particular, a study of 500 families showed that subjects with at least one parent with ER were twice as likely to have the same ECG alteration. Family transmission is more frequent when the mother has the ER pattern, both for notching forms and for those in the lower location[30]. Such families have been shown to have a high incidence of sudden death, probably linked to ER.

There are also very rare forms of autosomal dom​inant inheritance[31]. In this context it was suggested that the Valsalva maneuver can unmask forms of ER which are not spontaneous on the surface ECG. The sensitivity of this maneuver, however, is considered to be low.

The question of whether family forms have a worse prognosis than sporadic forms remains.

PATHOPHYSIOLOGICAL BACKGROUND OF J-WAVE AS AN ARRHYTHMIC MARKER

An ER pattern with the characteristics of the J-point elevation of at least 2 mm and a horizontal or desc​ending pattern of the ST segment appears to increase the risk of developing ventricular arrhythmias, especially in structurally abnormal hearts. In fact, ER creates a kind of gradient of repolarization between adjacent areas that results in re-entry phenomena that cause the onset of arrhythmias.

The J-wave comes from an alteration of the AP involving the epicardial, but not the endocardial, cells during phase 1 of the AP. In this period (ER phase) there are two ion currents of repolarization: Potassium tends to leak out (current Ito) and chlorine tends to enter into the cell (current ICl) while the front sodium current (INa-late) is gradually attenuated until it disappears. As a result of the loss of positive charges (K+) and the acquisition of negative charges (Cl-), the transmembrane potential is reduced to less positive values, from +30 to approximately 0 mV. The incoming sodium current (INa-late) has the opposite effect to that of Ito and ICl and, by bringing positive charges within the cell, it slows down the repolarization. However, since it is quickly depleted, its importance is relatively modest in physiological conditions (Figure 3). In subjects who have the ER patterns, repolarization proceeds more quickly than normal during phase 1, with a rapid red​uction in the potential which passes from +30 to 0 mV or negative values[32]. The imbalance between outward and inward positive currents during phase 1 of the AP and thus the propagation of the AP dome from sites where it is maintained and to sites at which it is lost, might lead to a local re-excitation via phase-2 re entry which, in turn, may facilitate the development of premature beats. An increase in transmural dis​persion might facilitate transmural propagation of the extrasystole predisposing to the development of polymorphic VT and VF[33] (Figure 4).

CLINICAL EVIDENCES OF ER/J WAVE AS A MARKER OF ARRHYTHMIC RISK

It is important to identify ECG characteristics that diff​erentiate the "benign ER" pattern from the “malignant ER”[34,35] (Table 1). In fact, for the first time, an English case-control study has demonstrated the arrhythmogenic potential of ER by putting in relation the ER with the idiopathic ventricular fibrillation (IVF). In fact 206 sub​jects under the age of 60 with IVF, were compared with a control group of 412 healthy patients. The results suggested a correlation between ER and sudden cardiac arrest. It was observed that most of the subjects with the characteristic patterns were young males, with a history of unexplained syncope or cardiac arrest during sleep. In addition, at baseline ECG, ER was present mainly in the inferior-lateral leads[10]. 

Tikkanen also considered the importance of defining a benign form of ER from a malignant one[35,36]. He studied a group of young athletes with ECG patterns of ER. Most of these presented an aspect of “rapidly ascending ST-segment blending with T-wave”. Naturally, this has been regarded as the benign form of ER. On the other hand, a minority of the athletes showed a pattern with an ST segment that remained flat, horizontal, or even descending towards the T-wave. The authors considered this to be the malignant variant of ER which is associated with arrhythmic mortality during long-term follow up. Moreover, subjects with an elevation of at least 2 mm of the J-point in the inferior leads had an increased risk of cardiac death. The study showed a relationship between mortality and ER and revealed that the risk of death was influenced by the seat, more common in the inferior leads, and the amount of elevation of the J-point, for values greater than 2 mm. In addition, Tikkanen et al[35,36] demonstrated that benign ER (ascending/upsloping ST segment) is associated with a significantly shorter QTc interval compared to the malignant form (horizontal/descending ST segment) which is associated with a significantly longer QRS duration (a prolonged QTc interval was defined as at least 440 ms for men and at least 460 ms for women). Therefore, benign ER appears to reflect earlier onset of repolarization, but malignant ER may reflect abnormal depolarization, possibly with underlying subtle structural disease[35,36]. 

The supposition of Tikkanen was later supported by a study that compared 21 athletes with a history of previous cardiac arrest of unknown etiology with more than 300 healthy athletes[37]. The study proved that athletes with a horizontal pattern of ER and ST were 11 times more at risk of cardiac arrest. Furthermore, recent studies have shown that patients with an ER pattern have a higher risk of having ischemic events and ischemic VF[38-40]. More specifically, the ER pattern with a horizontal ST segment was an independent predictor of sudden death[41]. As regards the malignant form of ER, the pattern of ER in the inferior lateral leads must be carefully considered. It is characterized by a deflection in the R-wave (slurred pattern) descending in the terminal part of the QRS in at least two inferior leads (Ⅱ, Ⅲ, aVF), in two lateral leads (Ⅰ, aVL, V4-V6), or both. Numerous studies have demonstrated the association between a pattern of ER in these locations, especially in the inferior leads, and the presence of idiopathic VF (IVF)[26,29,42]. However, contrasting results in the available literature should be considered. In fact, in one study of nearly 30000 outpatients, with a mean follow up of 7 years, the negative prognostic effect of the ER patterns was not confirmed[43]. The only meta-analysis available of this emphasizes the correlation of ER with a higher risk of arrhythmic death but not of cardiac death or death from other causes[44].
In 1992 a Japanese study assessed the dynamicity of J-wave associated with idiopathic VF by analyzing its pause-dependent increase.

The J-wave amplitude was measured in the beat immediately after a pause and compared with the mean J-wave measured in almost three beats before the pause. The pause was considered as an abnormal sudden pro​longation of the interval R-R, induced by arrhythmias such us sinus arrest, sinoatrial block, atrioventricular block, or atrial and ventricular premature beats.

It is interesting to note that the pause-dependent increase of J-wave was observed only in patients with idiopathic VF and in none of the control patients and this augmentation was associated with depression of the ST-segment or inversion of the T-waves. This dynamicity could be well explained by the pause-dependent aug​mentation in transient outward current (Ito) of the AP. In conclusion the authors suggested that the pau​sedependent augmentation was highly predictive of arrhythmic events and proposed a description of the characteristics of the “J-wave” potentially associated with IVF[45]. 

The same authors have further analyzed the J-wave dynamicity in the general patient population, with no symptoms and no history of IVF. They have observed an increase in amplitude of J-wave at high frequency but not at low frequencies and this may be due to a delay conduction[46].

So the analysis of the J-wave variations according to RR interval can be used to characterize the J-wave and use it for the arrhythmic risk stratification. 

Focus on ECG features

Given the conflicting results between the different studies analyzed, possibly due to the non-uniformity of the case histories of patients treated, it is reasonable to think that, in addition to the seat and extent of the J-point changes, a key role is played by the characteristics of the segment elevation ST, as Tikkanen first demonstrated in his study, where the presence of a rapidly ascending ST was not associated with an increased risk of death from arrhythmia causes, unlike the detection of a horizontal or descending ST. The maximum risk was achieved by the combination of an ER pattern in the inferior leads with an ST-segment elevation at J-point greater than 2 mm and a horizontal-descending ST[35,36]. It is also interesting to note that patients with rapidly ascending ST were mostly young, had low blood pressure, and signs of left ventricular hypertrophy. 

The literature shows that subjects with a good pro​gnosis, who are young and athletic, with no evidence of structural heart disease have a high prevalence of an ER pattern with rapidly ascending ST elevation. Conversely, individuals with a poor prognosis, due to advanced age, and who have had a myocardial infarction with or without arrhythmic complications, have a hi​gh prevalence of an ER pattern with a horizontally-downward ST[47]. 
It is also important to evaluate the J-wave dyna​micity in order to recognize ECG features predictive of arrhythmic risk, which are the pause dependent augmentation, the large amplitude and the concomitant horizontal-descending ST-segment[45]. 

CONCLUSION

In conclusion, there is a correlation between 12-lead ECG VR patterns and cardiac death due to arrhythmias, especially in inferior or inferolateral localized forms, associated with a J-point elevation of at least 2 mm and a horizontal ST pattern. This pattern is more common in a poor prognosis population, i.e., in older subjects with a history of myocardial infarction or heart disease. Although ER is a common ECG finding, ER syndrome (ER with IVF) is rare[42]. 

Even in middle-aged individuals with an inferior ER of > 0.2 mV, the 3-fold increased SCD risk was not apparent until 10 years after the index ECG[35,36]. 
There have been no risk stratifies for asymptomatic ER subjects and, to date, no primary prevention strategy has been established. It is currently impossible to make recommendations based on this incidental ECG finding in an asymptomatic individual.

In fact, if it is simple and almost automatic to propose defibrillator implantation for a patient with a personal history of cardiac arrest and an ECG showing a typical framework, it is much less easy to take a decision if the same ECG is recorded by chance in an asymptomatic subject. The research carried out to date has highlighted some aspects of the problem but does not offer a one-size fits all approach. Moreover, it is not recommended that athletes should stop exercising or adopt specific preventive measures[48]. In addition, it should be noted that the usefulness of an electrophysiological study in these subjects is low considering that the inducibility of arrhythmias was observed in only 28% of cases[49]. In symptomatic subjects the etiology of symptoms should be evaluated. In cases of unexplained syncope with ER, an ECG may arouse suspicion if there is also a family history of sudden death or the occurrence of palpitations before syncope. Ventricular arrhythmias, if confirmed, clearly require the delivery of a defibrillation system in primary prevention[50]. It is still unclear if there is a different prognosis for patients presenting with notching or slurring patterns.

A greater characterization of the prognostic value of the ECG pattern of ER is necessary, but there is no doubt regarding the correlation between 12-lead ECG VR patterns and cardiac death due to arrhythmias and that the higher risk was achieved by the combination of an ER pattern in the inferior leads with an ST-segment elevation at J-point greater than 2 mm and a horizontal-descending ST. This pattern is also more common in a poor prognosis population, i.e., in older subjects with a history of myocardial infarction or heart disease.

Conversely, subjects with a good prognosis, who are young and athletic, with no evidence of structural heart disease show a high prevalence of an ER pattern with rapidly ascending ST elevation. 

Moreover, the evidence of pause-dependent increase in J-wave amplitude, highlighted in patients with idio​pathic VF, has proved to be highly specific and high predictive of arrhythmic events. This simple phenomenon may be used for the stratification of arrhythmic risk in patients with J-wave.

So, in conclusion, given the increased risk of major arrhythmic events in these subjects, it becomes im​portant for the cardiologist to recognize the “malignant ER” pattern in order to improve the risk stratification of these patients (Figure 5).
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Figure 1  Notching and slurring example of early repolari​zation. A: Notching example; B: Slurring example.
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Figure 2  Old and new definition of early repolarization. STE: ST elevation.
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Figure 3  Action potential in physiological condition.
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Figure 4  The pathophysiological background of J wave. A: The normal action potential, underlying currents and corresponding ECGs. Epicardial (Epi) action potential and current are shown by dotted lines and endocardial (Endo) by solid lines. Depolarizing currents are depicted downward in green and repolarizing currents upward in blue. The Epi action potential has a characteristic notch caused by larger phase -1 Ito compared with Endo; B: Exaggeration of the Epi notch results from enhancement of net outward current. Phase-1 current flow from Endo to Epi produces the J-wave. The various ionic mechanisms that are believed to produce ER are shown with purple stars. INa: Inward sodium current; ICaL: Inward calcium currents; INa/Ca: Sodium calcium exchange; Ito: Transient outward current; IKs: Slow delayed rectifier current; IKr: Rapid delayed rectifier current; IK1: Inward rectifier current; IKATP: Adenosine triphosphate-sensitive current; IKACh: Acetylcholine-activated current; ECG: Electrocardiogram.
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Figure 5  Early repolarization in clinical practice. A: Example of ER pattern “notching tipe” in Inferior-lateral leads (D2, D3, aVF, V5, V6). Width: 1 mm; B: Example of ER pattern “slurring tipe” in lateral leads (D1, aVL, V5, V6). Width: 1 mm; C: Example of ER pattern “notching tipe” in Inferior leads (D2, D3, aVF). Width: 1.5 mm; D: Example of ER pattern “notching tipe” in lateral leads (V5, V6). Width: 1.8 mm. ER: Early repolarization.
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Table 1  The main studies evaluating the relationship between early repolarization pattern and death due to arrhythmia


Ref.


�
No. of patients


�
Study population


�
ER pattern


�
Results


�
�
Tikkanen et al[36], 2009


�
10.864


�
Community-based general population of middle-aged subjects


�
ER was stratified according to the degree of J-point elevation (> or = 0.1 mV or > 0.2 mV) in either inferior or lateral leads


�
ER pattern in the inferior leads is associated with an increased risk of death from cardiac causes in middle-aged subjects


�
�
Tikkanen et al[35], 2011


�
565 young healthy athletes-10


864 middle- aged subjects�
565 young healthy athletes compared with ECGs from a general population of 10864 middle-aged subjects


�
ER pattern with horizontal/descending or rapidly ascending/upsloping


�
ST-segment morphology variants associated with ER separates subjects with and without an increased risk of arrhythmic death in middle-aged subjects. Rapidly ascending ST segments after the J- point, the dominant ST pattern in healthy athletes, seems to be a benign variant of ER


�
�
Uberoi et al[43], 2011


�
29281


�
Resting ambulatory ECGs


�
J-point elevation ≥ 0.1 mV- notching and slurring type in at least 2 lateral or inferior-lateral leads


�
No significant association between any components of early repolarization and cardiac mortality


�
�
Haïssaguerre et al[10], 2008


�
206


�
Patients who were resuscitated after cardiac arrest due to IVF


�
Elevation of the QRS-ST junction of at least 0.1 mm inferior or lateral lead-


QRS slurring or notching�
Correlation between ER and sudden cardiac arrest


�
�
Nam et al[41], 2008


�
1410


�
1595 controls and 15 patients with IVF


�
J-point elevation ≥ 0.1 mV- notching and slurring type in at least 2 lateral or inferior leads


�
ER pattern is indicative of a highly arrhythmogenic substrate


�
�
Rosso et al[42], 2008


�
290


�
45 patients with idiopathic VF were compared with 124 age- and gender- matched control subjects and with 121 young athletes


�
J-point elevation ≥ 0.1 mV- notching and slurring type in at least 2 lateral or inferior-lateral leads


�
J-point elevation is found more frequently among patients with idiopathic VF than among healthy control subjects. The frequency of J-point elevation among young athletes is intermediate


�
�
Rosso et al[29], 2011


�
8980


�
331 patients with IVF and 8.649 controls


�
J waves > 2 mm


�
The presence of J waves > 2 mm in amplitude in asymptomatic adults is associated with a threefold increased of arrhythmic death


�
�
Aizawa et al[45], 2012


�
116


�
Forty patients with J-wave-associated idiopathic VF compared with 76 non-VF patients


�
J-wave amplitude was measured in the beat immediately after a pause and compared with the mean J-wave measured in almost three beats before the pause. J waves were defined as those ≥ 0.1 mV above the isoelectric line


�
Pause-dependent augmentation of J waves was confirmed in about one-half of the patients with idiopathic VF after sudden R-R prolongation. Such dynamicity of J waves was specific to idiopathic VF and may be used for risk stratification


�
�
Cappato et al[37], 2010


�
386


�
21 athletes with a history of previous cardiac arrest of unknown etiology compared with more than 300 healthy athletes


�
ER pattern with horizontal/descending or rapidly ascending/upsloping


�
Athletes with a horizontal pattern of ER and ST were 11 times more at risk of cardiac arrest


�
�
Naruse et al[38], 2012


�
220


�
patients with AMI


�
elevation of the QRS-ST junction of > 0.1 mV - 2 inferior or lateral leads- QRS slurring or notching


�
The presence of ER increased the risk of VF occurrences within 48 hours after the AMI onset


�
�
Rudic et al[40], 2012


�
60


�
Patients with AMI


�
J-point elevation ≥ 0.1 mV- notching and slurring type- in at least 2 lateral or inferior leads


�
Early repolarization pattern seems to be associated with ventricular tachyarrhythmias in the setting of acute myocardial infarction


�
�
Tikkanen et al[39], 2012


�
964


�
432 consecutive victims of SCD because of acute coronary event and 532 survivors of such an event


�
elevation of the QRS-ST junction of > 0.1 mV - 2 inferior or lateral leads- QRS slurring or notching


�
The presence of ER increases the vulnerability to fatal arrhythmia during acute myocardial ischemia


�
�
Wu et al[44], 2013


�
�
meta-analysis


�
�
Correlation of ER with a higher risk of arrhythmic death but not of cardiac death or death from other causes


�
�
ER: Early repolarization; IVF: Idiopathic ventricular fibrillation; AMI: Acute myocardial infarction; SCD: Sudden cardiac death.
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