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Abstract

Malignant ventricular arrhythmias represent a major adverse event and worsen the prognosis of patients affected by ischemic and non-ischemic dilated cardiomyopathy. The main parameter currently used to stratify arrhythmic risk and guide decision-making towards the implantation of a cardioverter defibrillator is the evaluation of left ventricular ejection fraction. However, this strategy is characterised by several limitations and, consequently, additional parameters have been suggested in order to improve arrhythmic risk stratification. The aim of this review is to critically revise the prognostic significance of non-invasive diagnostic tools in order to better stratify the arrhythmic risk prognosis of dilated cardiomyopathy patients. 
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Core tip: Arrhythmic risk stratification and decision-making towards implantation of a cardioverter-defibrillator in dilated cardiomyopathy patients are still open challenges. This review critically revises the possible clinical usefulness of available non-invasive diagnostic tools employed to stratify arrhtìythmic risk prognosis in dilated cardiomyopathy patients.
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INTRODUCTION
The main adverse events affecting prognosis for both ischemic (IDCM) and non-ischemic (NIDCM) dilated cardiomyopathy patients are the occurrence of malignant ventricular arrhythmias and sudden death, and the progression towards heart failure[1]. In order to reduce the incidence of sudden death due to ventricular arrhythmias the best therapeutic strategy to date is cardioverter defibrillator implantation (ICD)[1-3]. Both for NIDCM and IDCM, the decision to implant an ICD, is mainly guided by the evaluation of left ventricular systolic function, i.e., by the calculation of left ventricular ejection fraction (LVEF)[4]. However, its use in defining eligible patients has a number of limitations. 

In particular, it translates into a large number of patients who do not benefit from ICD[5]. In fact, the majority of patients with low LVEF who were enrolled in the main trials evaluating the effect of ICD did not suffer from malignant ventricular arrhythmias. For example, only 26% of the MADIT II patients had malignant ventricular arrhythmias during a 24-month follow-up[2]. Only 31% of the 829 patients enrolled in the ICD group of the SCD-HeFT trial received shocks from their device for any cause, and only 177 (21%) received shocks to arrest rapid ventricular tachycardia or ventricular fibrillation. During a five year follow-up, the annual average rate of ICD shocks was 7.5%, however, the annual average rate for appropriate ICD shocks (i.e., shocks for rapid, sustained ventricular tachycardia or fibrillation) was 5.1%. Moreover, in the SCD-HeFT trial, 32 (4%) patients had their ICD removed during follow-up and ICD complications, defined as clinical events requiring surgical correction, hospitalization, or new and otherwise unanticipated drug therapy, occurred in 5 % of patients at the time of implantation and in 9 % at a later stage in the trial[3]. 

It is clear from these data that the need to better assess arrhythmic risk still remains a challenge[5]. Better characterization of patients using additional parameters should be able to detect those with a higher or lower risk of arrhythmic events, thus avoiding ICD implantation in patients with low LVEF at low risk and facilitating the implantation of patients with good LVEF at higher risk (Figure 1). 

The aim of this review is to critically revise the possible clinical usefulness of the available non-invasive parameters related to the pathophysiology of ventricular arrhythmias (Figure 2) which have been proposed in order to better stratify the arrhythmic risk of dilated cardiomyopathy patients. 
THE IMAGING TO DETECT ARRHYTHMIC SUBSTRATE
The assessment of left ventricular systolic function
As previously stated, the use of LVEF to guide decisions on whether to implant ICD leads in a selection of a large population, only a small percentage of which will suffer from ventricular arrhythmias. However, the limitation of this approach is also related to several technical and biological aspects.
Firstly, in repeated evaluations, the LVEF calculation is characterised by a wide variability, particularly when an echocardiographic approach is considered. This is even more pronounced when different readers perform the calculation[6]. An improvement in the accuracy of LVEF calculation by echocardiography could be obtained using contrast echocardiography[7] or the 3-dimensional (3D) approach[8], but the gold standard for a more accurate and reproducible 3-D quantification of left ventricular (LV) volumes is cardiac magnetic resonance (CMR)[7, 9].

Apart from the technical limitations in LVEF assessment, variability of the measure may also be influenced by biological factors. In particular, LVEF can vary in the different loading conditions due to changes in intravascular volumes and/or adrenergic drive[5, 10]. Moreover, LVEF can change over time in response to conventional medical therapy[11].
In this setting the new echocardiographic measures to evaluate left ventricular systolic function, which are less loading dependent, could represent a new, useful tool to improve arrhythmic risk stratification by echocardiography[10]. Among these, two-dimensional (2-D) speckle tracking analysis[12] seems to be a particularly promising technique as it has been validated by sonomicrometry and tagged magnetic resonance imaging[13] and can quantify global and regional cardiac function more accurately and objectively by detecting mild ventricular function abnormalities in both left and right ventricular cardiomyopathies[14-15]. 
2-D speckle-tracking analysis is based on the detection and the motion tracking of natural acoustic myocardial reflections and interference patterns within an ultrasonic window. The tracking system analyses of echocardiographic grayscale B-mode images permits measurement of the entity of myocardial deformation (strain). Strain parameters can be individualized for each of the myocardial segments or can be expressed as global strain when all the segmental values are averaged. The global longitudinal strain (GLS) represents the mean values of myocardial segmental deformation, evaluated using standard apical views. From a technical point of view, the use of 2-D strain measures offers some advantages over routine echocardiographic assessment of LVEF using Simpson’s rule. In particular, strain analysis is not based on any geometrical assumption and should depend less on loading conditions. Moreover, in regional contractility dysfunction, strain measures better correlate with LVEF as assessed by magnetic resonance[16]. Finally, GLS is easy to compute and less dependent on specific training to ensure reproducibility[17].

In order to evaluate the role of this novel technique in stratifying arrhythmic risk prognosis, we recently studied a group of heart failure (HF) outpatients affected by IDCM and NIDCM who had never previously experienced sustained ventricular arrhythmias[18]. During a mean follow-up of 26 ± 13 mo, 31 of 230 patients experienced VT/VF or sudden death. At multivariate analysis, after correction for the univariate predictors, i.e., NYHA class, NT-proBNP and non-sustained ventricular tachycardia (NSVT), GLS remained significantly associated with ventricular arrhythmic events. The best GLS cut-off value detected by ROC curves for the 1-year occurrence of events was -10.0%, with a 73% sensitivity and a 61% specificity in detecting patients prone to experiencing major ventricular arrhythmias. Interestingly, the annual incidence rates of arrhythmic events were significantly greater in the 24 patients with a LVEF >35% and a GLS above -10% than in the 114 patients with GLS below -10%, whereas no additive value was observed among patients with a LVEF < 35%. 
Assessment of myocardial fibrosis 
In arrhythmic risk stratification, the usefulness of CMR is related not only to the possibility of more accurately estimating LVEF[19-22], but also to its ability to detect the presence of myocardial replacement fibrosis[23]. CMR assessment of fibrosis is made possible by using late Gadolinium enhancement. Gadolinium is a contrast agent that has been shown to be extremely safe. It is an extracellular agent, accumulating in areas of interstitial expansion due to myocardial fibrosis, oedema or infiltration. After gadolinium administration it is possible to assess three phases: the first provides immediate images at rest or during stress, followed by early enhancement after 5 min and lete enhancement 5 to 20 min after administration[22]. Late gadolinium enhancement (LGE) imaging allows the detection of contrast accumulation in areas of infarction or fibrosis due to slower contrast kinetics and greater volume or distribution in extracellular matrix. The extent and pattern of LGE enhancement varies according to the underlying pathological process. Fibrosis extent can be quantified as a percentage of total LV mass using dedicated software[22-23]. Moreover, the relative safety of gadolinium agents and tissue characterisation sequences allows repeated imaging, follow-up, family screening and serial risk stratification[24].
The presence of fibrosis, as assessed by LGE, is associated to a greater probability of inducible ventricular tachycardia[25]. Moreover, there is considerable evidence that it is also associated with a worse prognosis and an increased arrhythmic risk. Table 1 summarises the main studies with this evidence[26-33].
Assomoul et al[26] first evaluated the prognostic impact of midwall fibrosis in patients diagnosed with NIDCM, prospectively followed up for 658 +/- 355 d. Midwall fibrosis was present in 35% of patients and was associated with a higher rate of all-cause death and hospitalization for a cardiovascular event. Multivariate analysis showed that it was the only significant predictor of death or hospitalization. Midwall fibrosis also predicted sudden cardiac death (SCD) or ventricular tachycardia (VT) and remained predictive of SCD/VT after correction for baseline LVEF. 
Iles et al[28] prospectively evaluated 103 patients meeting criteria for ICD implantation for primary prevention of SCD who were affected by both IDCM and NIDCM. Regional fibrosis was identified with LGE in 71% of patients, in all patients with a diagnosis of IDCM and in 51% of those affected by NIDCM. Interestingly, among NIDCM patients, LGE was associated to arrhythmic events during follow-up in 29% whereas no NIDCM patients without LGE experienced arrhythmic events. 

Finally, the relevant role played by LGE in arrhythmic risk stratification has been supported by a study evaluating a large sample of NIDCM patients[33]. In this series, 30% of patients had fibrosis and were characterised by a lower LVEF and a more severe functional limitation. The presence of fibrosis was independently associated to an increased arrhythmic risk as well as to an increased probability of death. Moreover, whether fibrosis was present or not, it was possible to detect the group of patients at higher and lower risk across the LVEF spectrum. For example, patients with a LVEF of 35% and fibrosis had a 19.9% estimated risk of death vs 9.4% of patients with the same LVEF but without fibrosis.
Although there is considerable evidence to suggest the relevance of LGE in arrhythmic risk stratification, particularly in NIDCM, this technique has not been recommended yet by current guidelines for the selection of patients who will benefit from ICD implantation.

ELECTROCARDIOGRAPHIC MEASURES OF ARRHYTHMIC RISK
Fragmented QRS 

Prolonged QRS duration prevalence in patients with congestive heart failure varies between 20% and 50%[34]. Left bundle branch block (LBBB) and, in general, QRS prolongation (> 120 ms) in heart failure patients independently predict increased overall mortality and SCD[35-36].
However, fragmented QRS complexes (f-QRS) on a routine 12-lead electrocardiogram has also been proposed as a marker of depolarization abnormality[37]. 

Various studies have suggested that the region of a myocardial scar is associated with alteration in QRS morphology, leading to a terminal conduction delay or a fragmentation of QRS complexes on the 12-lead ECG[38-39]. 

Fragmented QRS includes various RSR’ patterns with different morphologies of the QRS interval (QRS duration < 120 ms) with or without the Q wave. It is defined by the presence of an additional R wave (R’) or notching in the nadir of the S wave, or the presence of > 1 R’ wave (fragmentation) in 2 contiguous leads, corresponding to a major coronary artery territory[40]. 
Brenyo A et al[41] observed that fragmented QRS (f-QRS), particularly when present in inferior leads, is predictive of SCD, SCD or appropriate ICD shock and all-cause mortality in patients with IDCM. 

Sha et al[42] evaluated a population of 128 patients with NIDCM and left ventricular dysfunction (ejection fraction, EF ≤ 40%). They observed that in the group with f-QRS all-cause mortality and ventricular tachyarrhythmias were significantly more frequent than those observed in the non-fQRS group. 

Finally, Das et al[43] tried to assess the prognostic significance of fQRS for an arrhythmic event in 368 patients with IDCM and NIDCM who underwent ICD implantation for primary or secondary prevention of SCD. The authors concluded that fQRS on a 12-lead ECG is a predictor of arrhythmic events but is not associated to a greater probability of death. 

Analysis of ventricular repolarization 
The analysis of ventricular repolarization is an intriguing way to implement risk stratification of major arrhythmic events. However, in a large study evaluating NIDCM, the electrocardiographic measure of QT intervals and their dispersion at ECG failed to demonstrate any role in predicting arrhythmic events[44]. 

Compared to the “static” evaluation of QT interval and dispersion at ECG, the possibility of evaluating QT dynamicity and/or variability during a short-term or 24 hour period, offer a more complete assessment of ventricular depolarisation, representing the expression of the complex interaction between arrhythmic substrate, heart rate and autonomic nervous system activity[45]. Table 2 summarises the main studies evaluating the prognostic role of QT-dynamicity or variability measures[46-50].
Recently, we studied a series of patients affected by NIDCM to evaluate the role of QT dynamicity in predicting major arrhythmic events as assessed by 24-hour ECG recordings[49]. The QT dynamicity index proposed was QT-slope, i.e., the slope of the regression line between QT end and RR during a 24-hour period. At univariate analysis, QTe-slope was significantly associated with major arrhythmic events as well as LVEF, non sustained ventricular tachycardia (NSVT), and standard deviation of RR intervals (SDNN). At multivariate analysis only the QTe-slope, LVEF and NSVT were significant predictors of events, regardless of SDNN, a QRS duration >120 ms or beta-blocker therapy. 
The analysis of QT dynamicity has been found to be associated to an increased arrhythmic risk also in patients with IDCM. Chevalier et al demonstrated that QTe slope compared with LVEF, HRV and late potentials was the strongest independent predictor of sudden death in patients with myocardial infarction[46]. In 871 postinfarction patients with severe left ventricular dysfunction enrolled in the MADIT study, Haigney et al[47] demonstrated an increased incidence of malignant ventricular arrhythmias in those with increased QT variability. In this study QT variability was assessed using a semiautomated algorithm that measured beat-to-beat QT duration. Similarly, in a population of post-infarction patients, Jensen et al[48] demonstrated the prognostic usefulness of a novel QT dynamics parameter: the QT/RR variability ratio (VR), defined as the ratio between the standard deviation of all QT intervals and the standard deviation of all RR intervals. It was evaluated in 481 patients and was found to be associated with the occurrence of sudden arrhythmic death. 
Finally, the potential usefulness of QT-e slope has also been demonstrated in a large population of 294 patients affected by CHF due to both IDCM and NIDCM and relatively preserved LVEF > 35%[50]. 
Microvolt T Wave alternans 
Microvolt T Wave alternans (MTWA) analysis involves the detection of changes in T wave morphology occurring on an every-other-beat basis. A wide electrical alternans of T-wave was an ECG abnormality, first described 50 years ago as associated with cardiac mortality[51-52]. Discordant alternans is responsible for dispersion of repolarization of sufficient magnitude to cause unidirectional block and reentry. A critical dispersion of repolarization is an important condition for development of re-entrant arrhythmias[53]. 
Since MTWA is heart rate dependent, it is generally assessed by increasing heart rate with atrial pacing or by exercise stress. The analysis is based on the alignment of ECG cycles to the QRS complex and on the measurement of T wave amplitude. The beat-to-beat fluctuations of T wave are then analysed using fast Fourier transformation and MTWA is represented by the pronounced peak visible in the spectrum at 0.5 cycles/beat. A significant MTWA is present if the alternans voltage is over a threshold (generally 1.9 microV) and if the alternans ratio K is > 3 Generally, an alternans which is longer than 1 minute, occurring at a heart rate ≤ 110 beats/min, is considered positive[54].
In 1994, Rosenbaum[55] was the first to demonstrate the efficacy of MTWA in stratifying patients for the risk of ventricular tachyarrhythmic events. However, the studies published to date are not concordant as summarised in Table 3[56- 64].
The meta-analysis carried out by Hohnloser[65] has suggested that MTWA assessed by spectral analysis provides an accurate means of predicting major ventricular arrhythmias. Moreover, the event rate was very low among patients with a negative MTWA test. These results were concordant with the meta-anlysis by Calò et al[66] who analyzed fifteen studies involving 5,681 patients. A positive MTWA determined an approximately 2.5-fold higher risk of cardiac death and life-threatening arrhythmia and showed a very high NPV in both ischemic and non-ischemic patients. An abnormal MTWA test was associated with a 5-fold increased risk for cardiac mortality in the low-indeterminate group and about a 6-fold increased risk in the beta-blockers group. The potential usefulness of MTWA has also been confirmed by Merchant et al[67] who analysed the data of five studies enrolling 2.883 patients without ICDs. Among patients with an LVEF of ≤ 35%, a negative MTWA test result was associated with a low risk for SCD. Conversely, in patients with a LVEF of > 35%, a positive MTWA test result identified those at a significantly heightened SCD risk. Finally, the Alternans Before Cardioverter Defibrillator (ABCD) trial[64] was the first to use Electrophysiological study (EPS) or MTWA to guide prophylactic ICD implantation in patients with a LVEF ≤ 40%, coronary artery disease and NSVT. The authors demonstrated that risk stratification strategies using the non-invasive MTWA is comparable to invasive strategy. 

These results seem to encourage the use of MTWA testing in patients who do not have ICDs in order to identify those at higher risk of ventricular arrhythmic events. However, the meta-analysis of Gupta et al[68] concluded that spectrally derived MTWA testing does not sufficiently modify the risk of VTE to change clinical decisions. Moreover, the MTWA technique is characterised by limitation in its feasibility. In an unselected population of 1,003 patients with HF, Kraaier[69] showed that only half were eligible for MTWA testing and the most common result was an indeterminate test. They concluded that MTWA treadmill testing is not widely applicable in typical HF patients and is unlikely to refine risk stratification for sudden death on a population level. 
ASSESSMENT OF AUTONOMIC NERVOUS SYSTEM ACTIVITY
In the genesis of malignant arrhythmias, apart form the presence of a vulnerable substrate, an altered sympathetic nervous activity and the presence of trigger factors, such as ventricular beats, play a fundamental role. The importance of autonomic dysfunction in increasing the risk of death in patients with heart disease may be applicable to all patients with cardiac disease regardless of etiology[70-71]. The pro-arrhythmic effects of the sympathetic nervous system in the normal and ischemic heart are mainly related to the indirect and direct effects of beta-adrenergic receptor activity, but also to the direct effects of alpha1-adrenergic receptors activity[72]. 

The direct effects on myocardiocytes are mediated by the activation of cyclic nucleotide and protein kinase regulatory cascade, which can alter spatial heterogeneity of calcium transients and consequently increase the dispersion of repolarization[73]. The major indirect effect of beta-receptors activity is the impairment of oxygen supply caused by increased methabolic activity, coronary vasoconstriction, especially in vessels with damaged endothelium, and changes in preload and afterload. On the other hand, the increase in parasympathetic activity is able to modulate ventricular arrhythmias by means of one of the following three effects: a reduction in sinus heart rate, a direct influence on myocardial electrophysiology, and a reduction in myocardial oxygen demand due to the negative inotropic action. However, vagal and sympathetic effects cannot be considered in isolation. Sympatho-vagal interactions are critical in order to understand the electrophysiologic function of the heart. Processes disturbing sympathovagal balance have the potential to facilitate cardiovascular instability, leading to cardiac arrhythmias or even sudden death.

It is clear that every marker of autonomic activity may be used as a clinic prognostic factor. The evaluation of sympathetic nervous system activity can be based on electrocardiographic measures reflecting autonomic control of heart rate, such as the beat-to-beat heart variability (HRV), heart rate turbulence (HRT) and the reflex chronotropic response to a blood pressure change; i.e., baroreflex activity (BRS). Moreover, nuclear imaging techniques can estimate cardiac denervation.. 

Measures of autonomic control of heart rate
The prognostic role of measures evaluating autonomic control of heart rate has been widely investigated.

Heart Rate Variability (HRV) is a term which includes a large number of different indices evaluating the beat-to-beat variability by using either time domain or frequency domain analysis[74]. Time domain analysis is based on the detection of each QRS complex and on measurement of all intervals between adjacent QRS complexes, resulting from sinus rhythm, as NN intervals or as instantaneous heart rate. Among the statistical time domain indices, SDNN is the simplest and represents the standard deviation of NN intervals generally assessed in 24 h Holter recordings. The prognostic significance of SDNN has been evaluated both in patients with ischemic and non-ischemic diseases as well as in heart failure patients, but the results are controversial.

Brower et al[75] assessed the prognostic value of HRV measures in patients with mild or moderate chronic heart failure (NYHA class II-III). Ninety-five patients were followed-up for 4 years. None of the conventional time and frequency domains were related to survival. Szabò et al[76] followed-up a group of 159 patients with idiopatic or ischemic dilated cardyomiopathy, selected on the basis of a left ventricular ejection fraction of <40%. During follow-up, cardiac mortality was subdivided into sudden cardiac death and death due to progressive pump failure. SDNN was found to have an independent predictive value for all cause mortality, while not being related to the type of the death. Fauchier et al[77] designed a study to evaluate HRV in patients with idiopathic dilated cardiomyopathy to determinate its prognostic value. The group of patients with depressed SDNN (<100 ms.) had an increased risk of cardiac death or heart transplantation during the follow-up (49.5+/-35.6 mo). 
In patients with mild-to-moderate ventricular dysfunction and NIDCM, a low SDNN, combined with an increased QT dynamicity, has been found to be associated with an increased risk of arrhythmic events[50]. However, in other studies no independent association with arrhythmic events has been found[44].
Heart rate turbulence (HRT) is another parameter reflecting autonomic control of heart rate. It is the expression of the baroreflex-mediated transient acceleration-deceleration response of the sinus node triggered by a premature ventricular beat (PVB)[78]. Heart rate turbulence (HRT) is a baroreflex-mediated biphasic reaction of heart rate in response to premature ventricular beats. It is quantified by: turbulence onset (TO) reflecting the initial acceleration of heart rate following premature beat, and turbulence slope (TS) describing subsequent deceleration of heart rate following a premature ventricular beat. TO is the percentage of relative change in the mean of 2 RR intervals after a PVB. TS is the slope of the steepest regression line computed over the sequence of every 5 consecutive RR intervals following a PVB within 15 RR and is expressed in ms/RR. HRT can be calculated only in patients with sinus rhythm presenting with eligible PVBs[79]. Abnormal HRT identifies patients with an autonomic dysfunction or impaired baroreflex sensitivity due to a variety of disorders, but may also reflect changes in the autonomic nervous system induced by different therapeutic modalities such as drugs, revascularization, or cardiac resynchronization therapy[81]. HRT has been introduced as an autonomic predictor for cardiac events in heart failure patients and in large cohorts of post-infarction patients[80-91] as summarised in Table 4. The retrospective analysis of the ATRAMI trial[81] showed that HRT identified postinfarction patients at risk of both all cause death and arrhythmic events. Other large trials confirmed the prognostic role of abnormal HRT for predicting mortality and arrhythmic events in post-infarction patients[85,89] as well as in both NIDCM and IDCM patients[88,90] However, the results of the studies, particularly in NIDCM, are conflicting. In the Marburg Study, Grimm et al [84], observed that in 242 patients with idiopathic cardiomyopathy, HRT onset is a significant predictor of transplant-free survival, but for arrhythmia risk stratification, only LVEF remained a significant risk predictor on multivariate analysis. Moreover, analysis of the Frankfurt DCM database, showed that HRT and HRV did not yield predictive power for arrhythmic events[87]. 
Cardiac denervation assessed by nuclear imaging 
In the pathophysiology of malignant ventricular arrhythmias, relevant role is played not only by sympathetic autonomic nervous system hyperactivity but also by cardiac sympathetic denervation. The presence of cardiac denervation can cause heterogeneity in a refractory period of the ventricular myocardium thus favouring the onset and the persistence of ventricular arrhythmias. A scintigraphic approach using 123I-labeled metaiodobenzylguanidine (MIBG) can explore the presence of abnormalities in cardiac sympathetic innervation[92-96].
This radiotracer is administered at rest and planar and single-photon emission computerized tomographic (SPECT) images are then acquired after 15 min (early) and 3-5 hours (delayed). Generally, the analysis of MIBG distribution is based on the delayed images which reflect overall cardiac sympathetic function, including uptake, re-uptake, storage, and release processes of norepinephrine at presynaptic nerve terminals, rather than real time, beat-by-beat sympathetic drive[96]. The quantitative index calculated after MIBG injection is the heart/mediastinal ratio (H/M). This is derived by the mean counts per pixel of the region of interest drawn over the heart and that drawn over the upper mediastinum[97]. In a normal subject the value of H/M range is from 1.9 to 2.8. A normal H/M ratio reflects the density of receptors and the integrity of presynaptic nerve terminals and uptake function. A low H/M ratio reflects a reduced myocardial uptake and a poor cardiac adrenergic receptor density[95,98].
Besides global myocardial uptake (heart-to-mediastinum ratio), other markers have been used including washout kinetics and regional uptake heterogeneity. The myocardial washout rate (WR) is expressed as the rate of decrease in myocardial counts over time between early and late imaging, reflecting the neuronal integrity or sympathetic tone[98] In HF patients, high myocardial WR and low early and delayed H/M are detectable[99-101]. 
The presence of an altered distribution of MIBG can also be found in NIDCM patients[102] and has been associated with other parameters reflecting arrhythmic risk[103-104].

Over the last three decades a number of studies have reported the relevance of an altered MIBG distribution in predicting increased risk of death and arrhythmic events[105- 115]. In a group of patients with heart failure, Nakata et al[101] revealed that impaired cardiac sympathetic innervation assessed by MIBG activity has an incremental and prognostic role for predicting cardiac death and may be useful for identifying a threshold level for selecting patients at risk for death by heart failure, sudden cardiac death, and fatal myocardial infarction. 
The largest trial evaluating the prognostic role of cardiac denervation assessed by MIBG is the ADMIRE study[108], in which a total of 961 subjects with NYHA functional class II/III HF and left ventricular ejection fraction (LVEF) ≤ 35% were evaluated. Time to first occurrence of NYHA functional class progression, a potentially life-threatening arrhythmic event, or cardiac death were the end-points considered. For H/M < 1.60, 2-year probabilities of cardiac death and all-cause mortality were 11.2% and 16.1% vs 1.8 and 3.% for the group with H/M ≥ 1.60. Moreover, non-fatal arrhythmic events or sudden cardiac death were observed in patients with H/M < 1.60. ADMIRE-HF provided prospective validation of the independent prognostic value of MIBG in the assessment of patients with HF, in identifying patients at high risk of arrhythmic events, sudden cardiac death and ICD discharge. 
Finally, it is worth noting that the prognostic significance of MIBG in predicting sudden death has also been demonstrated in a small population of patients with mild-to-moderate CHF[112]. 
THE MULTIPARAMETRIC APPROACH TO ARRHYTHMIC RISK STRATIFICATION
Different studies evaluating the role of non-invasive diagnostic tools in predicting arrhythmic events have demonstrated that the combination of the different parameters could be a useful approach in order to better improve arrhythmic risk stratification. Generally, the combination of the different parameters allows the identification of a smaller group of patients at higher risk of arrhythmic events.

In our series of patients[49], by combining LVEF (<35% vs >35%), NSVT and QTe-slope (>0.19 vs <0.19), arrhythmic events were more frequently observed in patients with NSVT and a low LVEF and in those with a low LVEF and steeper QTe slope. No significantly higher risk was observed in patients with a higher LVEF and NSVT or steeper QTe slope. When all three variables were considered together, the patients with a low LVEF and NSVT or a steeper QTe slope were found to have a higher arrhythmic risk. In the subgroup of patients with LVEF < 35% the presence of NSVT and QTe slope >0.19 defined a small population with the highest probability of events.

Also among HF patients with a LVEF > 35% the combination of different arrhythmic risk parameters improved prognostic stratification. Cygankiewicz et al[50] demonstrated that in this population of patients the presence of two or more independent risk parameters (SDNN ≤ 86 ms, HRT < 2.5 ms/RR and QTe slope > 0.21) detected a population at higher risk of death (30% 3-year mortality) and sudden death (12%), with a rate of events similar to that observed among patients with LVEF ≤ 35%.
Merchant et al[114] tried to assess whether a multi-marker strategy would provide more robust SCD risk stratification than LVEF alone. The authors observed that a multivariable model based on the presence of coronary artery disease, LVEF and MTWA status provides significantly more robust SCD risk prediction than LVEF as a single risk marker. These findings suggest that multi-marker strategies based on different aspects of the electro-anatomic substrate may be capable of improving primary prevention implantable cardioverter-defibrillator treatment algorithms. 

Finally, Yukinaka et al[115] correlated the incidence of ventricular arrhythmias with mismatches in myocardial 99mTc-methoxyisobutylisonitrile(MIBI)/(123)I-metaiodobenzylguanidine (MIBG) accumulation and late ventricular potentials. Patients with late ventricular potentials had greater I-123 MIBG defects scores. The combination of late ventricular potentials and I-123 MIBG uptake could improve the prediction of ventricular arrhythmias after myocardial infarction. 
LIMITATIONS OF ALTERNATIVE NON-INVASIVE ARRHYTHMIC RISK PARAMATERS
Although the above mentioned studies have provided evidence about the independent association among a number of parameters and the risk of malignant ventricular arrhythmias, their routine use still remains limited for different reasons. In particular, most of the parameters have shown conflicting results, probably related to the methodological differences, such as the studied population (NIDCM or IDCM), the follow-up duration, the end-points considered, the pharmacological treatment at the enrolment. Moreover, all measures are affected by both technical and biological limitations. Finally, almost all these studies were aimed only to evaluate the association among the studied parameters and the occurrence of ventricular arrhythmias, but not to demonstrate their ability to select patient populations who could benefit from ICD implantation. This ability could be demonstrated only by randomised studies demonstrating that up to now are still lacking.
CONCLUSION
Malignant ventricular arrhythmias and sudden death represent the main adverse events affecting the prognosis of both NIDCM and IDCM. ICD implantation, i.e., the best therapeutic strategy to reduce the incidence of sudden death, is, currently, mainly guided by the estimation of LVEF. However, this measure is affected by a number of both technical and biological limitations. For these reasons the best assessment of arrhythmic risk still remains a challenge. The use of other non-invasive parameters reflecting functional or anatomical arrhythmic substrate (LGE), sympathetic nervous activity (HRT, SDNN, the presence of sympathetic denervation by MIBG) and the abnormalities in myocardial refractoriness (QT dynamicity/variability, MTWA) could be useful in order to better characterise both patients with reduced and preserved LVEF at higher risk of arrhythmic events. 
Although several studies have shown these parameters to be independently associated to events, their routine use still remains limited due to the lack of randomised studies demonstrating their ability to select patient populations who could or could not benefit from ICD implantation. Future prospective studies should be aimed at reducing this gap in the evidence in order to justify the indication of these techniques in daily clinical practise. 
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Figure 1 The effect of a better arrhythmic risk stratification are shown. The presence of one or more arrhythmic risk factor allows detection of a population at higher risk of arrhythmic events across all the values of left ventricular ejection fraction. On the other hand, the absence of arrhythmic risk factors is associated with the detection of the group of patients at lower risk of events. LVEF: Left ventricular ejection fraction.
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Figure 2 The main parameters proposed in order to better characterise arrhythmic risk are shown. These parameters can reflect arrhythmic substrate by functional (left ventricular systolic function) or anatomical (myocardial fibrosis) information. The parameters assessing sympathetic nervous system activity are also reported, as well as those reflecting the dispersion of ventricular refractoriness, i.e., those based on the analysis of ventricular repolarization. HRV: Heart rate variability; HRT: Heart rate turbulence; LGE: Late gadolinium enhancement; LVEF: Left ventricular ejection fraction; MIBG: Iodine-123 metaiodobenzylguanidine; MTWA: Microvolt T wave alternans.

Table 1 The main studies evaluating the association between myocardial fibrosis assessed by cardiac magnetic resonance and the risk of arrhythmic and non-arrhythmic events

	Ref.
	Clinical setting
	Number of patients
	CMR parameters


	End-points

(mean follow-up)


	Results

	Assomoul et al [26], 2006
	NIDCM
	101
	Midwall fibrosis (LGE)
	- All-cause death and hospitalization

(Follow-up 658 ± 355 d)
	Independent association with death and hospitalization

	
	
	
	
	
	

	Wu K et al [27], 2008 
	NIDCM and LVEF ≤ 35%
	65
	Presence and extent of LGE 
	- Composite end-point (hospitalization for heart failure, appropriate ICD firing, cardiac death)

(Follow-up median 24 mo)
	Presence of LGE was associated to a greater risk of primary outcome

	
	
	
	
	
	

	Iles et al [28], 2011 
	IDCM / NIDCM before ICD implantation 
	103
	Regional fibrosis with LGE
	- Arrhythmic events and appropriate ICD therapy

(Follow-up 573 d)
	LGE was associated with arrhythmic events and appropriate ICD therapy during follow-up

	
	
	
	
	
	

	Lehrke et al [29], 2011
	NIDCM
	184
	Presence of LGE


	- Composite end-point (hospitalization for decompensated heart failure, cardiac death, cardioverter defibrillator discharge)

- (Follow-up 31mo)
	Presence of LGE was associated with composite endpoint

	
	
	
	
	
	

	Gao et al [30],2012 
	IDCM / NIDCM
	124
	Presence and quantification of LGE
	- Primary composite outcome: occurrence of appropriate ICD therapy, SCA, SCD

(Follow-up 632 ± 262 d)
	- Myocardial scar quantification by LGE-CMR predicts arrhythmic events in patients being evaluated for ICD eligibility

	
	
	
	
	
	

	Neilan et al [31], 2013 
	NIDCM 
	162
	Presence and quantification of LGE
	-Major adverse cardiac events (cardiovascular death and appropriate ICD therapy) 

(Follow-up: 29 ± 18 mo)
	Presence of LGE was a strong predictor of major cardiac events

	
	
	
	
	
	

	Li et al [32], 2013 
	NIDCM
	293
	Presence and extent of LGE
	- All-cause mortality

(Follow-up: 3.2 yr)
	Presence of LGE is an independent predictor of increased all-cause mortality.

Diffuse LGE is associated with higher mortality

	
	
	
	
	
	

	Gulati et al [33], 2013 
	NIDCM
	472
	Presence and extent of midwall fibrosis
	-Primary end-point: all cause mortality

-Secondary end-point: cardiovascular mortality or cardiac transplantation 

- Arrhythmic and HF secondary end-points

(Follow-up 5.3 yr)
	- Midwall fibrosis assessed with LGE-CMR provided independent prognostic information and improved risk stratification beyond LVEF for all-cause mortality and SCD.

	
	
	
	
	
	


CMR: Cardiac magnetic resonance; IDCM: Ischemic dilated cardiomyopathy; LGE: Late Gadolinium Enhancement; NIDCM: Non ischemic dilated cardiomyopathy; SCA Survived cardiac arrest; SCD: Sudden cardiac death, ICD: Implantable cardioverter defibrillator.
Table 2 Main studies evaluating the role of dynamic ventricular repolarization measures in predicting arrhythmic and non arrhythmic events
	Ref.
	Clinical setting
	Number of patients
	Parameter evaluated
	Cut-off suggested
	End-points

(mean follow-up)


	Results

	Chevalier et al[46], 2003 
	Acute myocardial infarction
	265
	QT dynamicity and HRV (24-h Holter)

LVEF

Late potential.
	QTe slope: 0,18
	Sudden death and total mortality

(Follow-up 81 ± 27 mo)
	Increased diurnal QTe dynamicity independently associated to sudden death 

	
	
	
	
	
	
	

	Haigney et al[47], 2004 
	Postinfarction patients 

(low LVEF)
	871
	QT variability (QTVN). 

QTVI (QTVN adjusted for heart rate variance)
	
	Arrhythmic events (VT or VF)

(Follow-up 2 yr)
	Increased QT variability associated with an increased risk for VT/VF.

	
	
	
	
	
	
	

	Jensen et al[48], 2005 
	Postinfarction patients
	481
	QT/RR slope and intercept

QT/RR variability ratio (VR)

LVEF 

VPB and VT
	
	All-cause mortality

(Follow-up 3 yr)
	VR, LVEF, VPB and age made up the optimal Cox model for risk stratification. VR was a promising risk factor for identifying sudden arrhythmic death

	
	
	
	
	
	
	

	Iacoviello et al[49], 2007 
	NIDCM 

(no history of SVT/VF)
	179
	QTe slope (24 h Holter)

LVEF

NSVT

QRS duration

QTc and QTd at ECG
	QTe-slope: 0.19
	Major arrhythmic events, (VT or VF or SCD).

(Follow-up 39 ± 22 mo)
	Increased QTe slope is associated with occurrence of major arrhythmic events. The presence of NSVT and/or QTe slope > 0.19 showed 90% sensitivity and 60% specificity in identifying patients with arrhythmic events.

	
	
	
	
	
	
	

	Cygankiewicz et al[50], 2009 
	CHF patients. 

IDCM/NIDCM LVEF >35%
	294
	QTe slope

SDNN

TS

LVEF
	QTe slope 0.21


	Primary endpoint: total mortality 

Secondary endpoint: sudden death 

(Follow-up 44-mo)
	Combination of SDNN, TS, and QTe slope is a predictor of increased risk of mortality and sudden death

	
	
	
	
	
	
	


BRS: Baroreflex sensitivity; CHF chronic heart failure; EPS Electrophysiological study; ICD Implantable cardioverter defibrillator; IDCM: Ischemic dilated cardiomyopathy; HR Heart rate; HRV: Heart rate variability; LVEF: Left ventricular ejection fraction; MCE: Major cardiac events; NIDCM: Non ischemic dilated cardiomyopathy; NSVT: Non sustained ventricular tachycardia; OHR: Onset heart rate; QTc: QT interval corrected for heart rate; QTe: QT interval calculated at the end of T wave; SCD: Sudden cardiac death; SDNN: Standard deviation of RR intervals; SR: Sinus rhythm; TS: Turbulence slope; PVB: Premature ventricular beats; VT: Ventriculat tachycardia.

Table 3 Main studies evaluating the role of microvolt T wave alternans in predicting arrhythmic and non arrhythmic events
	Ref.
	Clinical setting
	Number of patients
	Parameter evaluated
	End-points

(mean follow-up)


	Results

	Adachi et al [56], 1999 
	NIDCM
	57
	TWA, LVEF, 

NYHA, Signal average ECG, QT dispersion
	Ventricular tachycardia 

	MTWA associated to VT 

	
	
	
	
	
	

	Klingenheben et al [57], 2000 
	CHF

(no history SVT/ VF)
	107
	TWA
	Arrhythmic events 

( Follow-up 18 mo)
	MTWA is an independent predictor of arrhythmic events 

	
	
	
	
	
	

	Kitamura et al [58], 2002 
	NIDCM


	146
	Onset heart rate for TWA
	SCD, documented sustained ventricular tachycardia/ventricular fibrillation

( Follow-up 21 ± 14 mo)
	TWA and LVEF were independent predictors of arrhythmic events. 



	
	
	
	
	
	

	Hohnloser et al [59], 2003 
	NIDCM

(LVEF 29 ± 11%)
	137
	MTWA, FEVS, mean RR interval, HRV, BRS.
	SCD, SCA, SVT or VF

( Follow-up 14 ± 6 mo)
	MTWA is an independent predictor of ventricular tachyarrhythmic events 

	
	
	
	
	
	

	Bloomfield et al [60], 2004 
	IDCM

(LVEF ≤ 30%)
	177
	MTWA, QRS measurement
	All-cause mortality.

( Follow-up 20 ± 6 mo)
	Compared to QRS duration, an abnormal MTWA is a stronger predictor of death

	
	
	
	
	
	

	Salerno-Uriate et al, [61] 2007 
	NIDCM

(NYHA II-III

LVEF ≤ 40%)
	446
	TWA, VO2 peak
	Combined primary endpoint of cardiac death and life-threatening ventricular arrhythmias. 

Secondary endpoint: total mortality, combination of arrhythmic death and life-threatening arrhythmias.

( Follow-up 18 to 24 mo)
	Abnormal TWA associated with a 4-fold higher risk of cardiac death and life-threatening arrhythmias.



	
	
	
	
	
	

	Baravelli et al[62] , 2007 
	NIDCM

(NYHA II-III

LVEF 29 ± 6,4%)
	70
	MTWA, VO2 peak
	Combined primary endpoint of MCE: total cardiac death or VT/VF (including appropriate ICD shock)
Secondary endpoint: MAE: SCD or SVT/VF

( Follow-up 19.2 ± 10.7 mo)
	MTWA and peakVO2, but not the two single tests, were significant prognostic markers of both MCE and MA.

	
	
	
	
	
	

	Gold et al [63], 2008 
	CHF

(IDCM/NIDCM, 71% NYHA II, LVEF 24 ± 7%)
	490
	TWA
	Composite primary end point: SCD, SVT / VF, or appropriate ICD discharge
(Follow-up 30 mo)
	MTWA not predictive of MAE or mortality 

	
	
	
	
	
	

	Costantini et al [64], 2009 
	IDCM

LVEF ≤ 40%
	566
	TWA, EPS
	Primary endpoint: appropriate ICD discharge or SCD at 1 yr follow-up
(Follow-up 1.6 ± 0.6 yr)
	Strategies employing MTWA , EPS, or both might identify the subset of patients least likely to benefit from ICD implantation. 

	
	
	
	
	
	


BRS: Baroreflex sensitivity; CHF: Chronic heart failure; EPS: Electrophysiological study; HR: Heart rate; HRV: Heart rate variability; ICD: Implantable cardioverter defibrillator; LVEF: Left ventricular ejection fraction; MCE: Major cardiac events; MTWA: Microvolt T-Wave alternans; NYHA: New York Heart Association; NSVT: Non sustained ventricular tachycardia; OHR: Onset heart rate; SR: Sinus rhythm; SCA: Sudden cardiac arrest; SCD: Sudden cardiac death; SDNN: Standard deviation of RR intervals; VF: Ventriculat tachycardia; VT: Ventricular tachycardia.

Table 4 The main studies evaluating the prognostic significance of heart rate turbulence and risk stratification
	Ref.
	Clinical setting
	Number of patients
	Cut-off 

proposed
	End-points

(mean follow-up)


	Results

	Schmidt et al [80], 1999 
	Postinfarction patients 
	577
	TO 0%

TS 2.5 ms/RR 
	All-cause mortality

(Follow-up 22 mo)
	HRT2 predictive for all-cause mortality

	
	
	
	
	
	

	Ghuran et al [81], 2002 
	Postinfarction patients

(ATRAMI)
	1212
	TO 0%

TS 2.5 ms/RR 
	Combined end-point of fatal and non fatal cardiac arrhythmias

(Follow-up 21 mo)
	HRT associated with endpoints

	
	
	
	
	
	

	Barthel et al [83], 2003 
	Postinfarction patients (ISAR-HRT)
	1455
	TO 0%

TS 2.5 ms/RR 
	All-cause mortality

(Follow-up 22 mo)
	HRT independent predictor of mortality in patients with LVEF = or > 30%

	
	
	
	
	
	

	Grimm et al [84], 2003 
	NIDCM, 

LVEF ≤ 30%
	242
	TO 0% 

TS 2.5  ms/RR
	Transplant-free survival 
(Follow-up: 41 mo)
	TO predictor of transplant-free survival. TO and TS only as univariate predictor of MCE

	
	
	
	
	
	

	Exner et al [85], 2007 
	Myocardial infarction (REFINE)
	322
	TO 0%

TS 2.5  ms/RR 
	Cardiac death or resuscitated cardiac arrest

 (Follow-up 47 mo)
	HRT (10-14 wk after MI) predictive for cardiac death or resuscitated cardiac arrest

	
	
	
	
	
	

	Cygankiewicz et al [86] 2008 
	CHF (IDCM /and NIDCM)
	607
	TO 0% 

TS 2.5  ms/RR
	All-cause mortality, sudden death and heart failure death

(Follow-up: 44 mo)
	Abnormal TS predictive for all-cause mortality, sudden death and heart failure death.

	
	
	
	
	
	

	Klingenheben et al [87], 2008 
	NIDCM

(Mean LVEF 28%)
	114
	TO 0% 

TS 2.5  ms/RR
	Arrhythmic events

(Follow-up 22 mo)
	HRT non predictive for arrhythmic events.

	
	
	
	
	
	

	Miwa et al [88], 2009
	IDCM (241) and NIDCM (134) 
	375
	TO 0% 

TS 2.5  ms/RR
	Cardiac mortality

Combined endpoint of cardiac death and /or stable sustained VT

(Follow-up 15 mo)
	Abnormal HRT predictive for cardiac mortality and combined endpoint.

Prognostic value observed in both ischemic and non-ischemic cardiomyopathy

	
	
	
	
	
	

	Huikuri et al [89], 2009 
	Postinfarction

CARISMA
	312
	TS 2.5  ms/RR
	Primary endpoint of documented VT/TV

(Follow-up 2 yr)
	-TS evaluated at 6 wk after MI predictive for primary endpoint

No prognostic value for HRT evaluated 1 wk after MI

	
	
	
	
	
	

	Ikeda et al [90], 2011 
	NIDC


	134
	TO 0% 

TS 2.5  ms/RR
	Combined endpoint of cardiac mortality and sustained VT

(Follow-up 15 mo)
	Abnormal HRT predictive for combined endpoint

	
	
	
	
	
	

	Miwa et al [91], 2012 
	IDCM / NIDCM

(LVEF ≤ 40%)
	299
	TO 0% 

TS 2.5  ms/RR
	Combined endpoint of sudden cardiac death and sustained VT

(Follow-up 32 mo)
	Abnormal HRT predictive for combined endpoint


HRT: Heart rate turbulence; NIDCM: Non-ischemic dilated cardiomyopathy; TO: Turbulence onset; TS: Turbulence slope; MCE: Major cardiac events; LVEF: Left ventricular ejection fraction; CHF: Chronic heart failure; NYHA ICD: Implantable cardioverter defibrillator.
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