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Cardiac Electrophysiology and Arrhythmogenesis
Mechanisms underlying cardiac rhythm abnormalities are related to both myocardial depolarisation and repolarisation but our understanding of both these facets of cardiac electrophysiology differs substantially. The comprehension of the links between cellular electrophysiology and the depolarisation of the human heart in situ is relatively advanced. Recognition of pathologies such the pre-excitation and bundle branch blocks belongs to elementary diagnoses of the electrocardiogram (ECG) and our understanding of re-entry and rotor-based tachyarrhythmias is physiologically realistic even if not necessarily completely accurate. 
The situation is rather different for the electrophysiology of cardiac repolarisation. Apart from acute ischemia with its profound effects on the action-potentials, the present understanding of details is limited. The interplay between myocytes and the functional effects of intra-myocardial gradients of action potential distribution are complex compared to cell-to-cell excitation transmission of the depolarisation sequence. Little experience exists with isolated human tissue preparations or isolated perfused hearts, and investigations with animal hearts and animal tissue might be misleading because of inter-species differences and/or experimental setting. 
Descriptors of Myocardial Repolarisation
The limited understanding of repolarisation processes is reflected in the lack of clinical experience with T wave morphology descriptors. While the duration of the QT interval has been the subject of numerous studies, there are no T wave counterparts of QRS abnormality classification schemes. On the surface ECG, we are only able to distinguish the obvious congenital abnormalities, e.g. the well expressed sub-types of long QT syndrome and the Brugada patterns. Apart from these, the term “non-specific T wave changes” is used only to mask the lack of knowledge of what such changes might mean.
At the same time, there is evidence for encrypted information of clinically importance in the T wave well beyond the QT interval duration; prognostic information was shown for the spatial orientation of the T wave in relation to the QRS orientation [1] and for repolarisation distribution and heterogeneity across the myocardium [2,3]. 
Autonomic Control of Ventricular Repolarisation
The involvement of autonomic control in arrhythmogenesis is well known. It is also well known that the assessment of cardiac autonomic status requires studying beat-to-beat modulations. The autonomic control of the atria including sinus and AV nodes is different from the control of the ventricles. While the former is easy to measure on the basis of heartbeat periods forming the basis of heart rate variability and heart rate dynamics studies, the assessment of autonomic control of ventricular repolarisation belongs to the holy grail of non-invasive electrophysiology because of its more direct involvement in arrhythmogenesis. Unfortunately, it is more challenging to measure as the fiducial points of the T-wave are difficult to define. 
Apart from T wave alternans [4], studies of repolarisation beat-to-beat variability have previously addressed chiefly the QT interval duration [5] but not much the T wave morphology. Static measurements, such as those of T wave loop dimensions, cannot address autonomic modulations unless investigated on a beat-to-beat basis. This has, so far, been frequently hampered by technical issues of suitable signal quality in sequential cardiac beats and by the lack of suitable data in well-defined clinical populations. 
Periodic Repolarisation Dynamics
For these reasons, it is very pleasing that in this issue of the Journal, Rizas et al report, in the MADIT II population, on the clinical risk-related relevance of beat-to-beat variability in the T wave spatial orientation [6], the so called periodic repolarisation dynamics (PRD). Their observations are well in line with their previous report on this phenomenon [7]. It appears that the periodic nature of the beat-to-beat irregularities of T wave orientation (Figure 1) opens a new window into studying and clinically exploiting the autonomic control of ventricular repolarisation. 
The link between the sympathetic modulations and PRD as proposed by Rizas et al [6,7] seems to be fairly plausible. The gradual increase of the risk of death along the increase of the beat-to-beat irregularities of the T wave orientation agrees well with the accepted notion that increased sympathetic modulations are both proarrhythmic and reflect poorer ventricular performance.
Future Physiologic Studies
To better understand the underlying mechanisms of the phenomenon described by Rizas et al, focused studies are required. We need to know the physiologic PRD values in healthy subjects, whether there are any sex or race differences, what is the influence of age, etc. Also, the relationship between heart rate and PRD has to be investigated; we do not know whether hysteresis-type adaptation is involved and, if yes, whether the profile of the adaptation has any prognostic implication similar to that observed for the speed of the adaptation of the QT interval duration [8]. Additional research should include not only the standard provocative investigations such as the tilt test but also the intrinsically triggered autonomic responses to ectopic beats that serve well in the assessment of heart rate turbulence [9] and post-ectopic blood pressure potentiation [10]. Post-ectopic changes of T wave morphology are known but their dynamics over several cardiac cycles surely deserves further attention. 
The beat-to-beat variability of T wave spatial orientation can to a certain degree be explained by respiration-driven changes in the intra-thoracic position of the heart, i.e. due to the changes of the cardiac electrical sources in relation to the chest electrodes, however, according to the previous study, this effect is minor and technically excluded from the PRD measurement [7]. The main and crucial parts of the variability likely reflect both autonomic regulation processes and non-regulatory repolarisation disturbances due to diseased myocardium. A further differentiation of these crucial components might improve the identification of patients with very marked differences in the clinical usefulness of implantable cardioverters-defibrillators (ICD).
Advances of Multi-Signal Analyses
Future advances of our understanding of autonomic and other regulatory control of repolarisation (and indeed of other components of cardiac and cardiovascular physiology) need multiple signal analyses. Simultaneous recordings of ECG and of respiratory tracings might offer more insight into the mechanical and vagally driven components whilst analyses of simultaneously captured ECGs and continuous blood pressure tracings might help improving the characterisation of sympathetic influence. 
Non-invasive multisignal-based risk assessment of post-extrasystolic pressure potentiation [10], expiration-driven arrhythmia [11], and baroreflex sensitivity [12] have already been described. Similar multisignal analyses involving the T wave orientation variability and the dynamic variability and control of other ECG-based repolarisation descriptors are easy to imagine and to design. Such multi-signal analyses might not only offer new clinical classification tools but also, perhaps more importantly, advance our understanding of the physiologic and patho-physiologic processes involved in ventricular repolarisation and its regulatory control. 
Future Clinical Studies 
Existing experience with the phenomenon proposed by Rizas et al has been derived from patients with coronary artery disease. The application of the technology to patients with inherited repolarisation disorders, such as congenital long QT syndrome, Brugada syndrome, catecholaminergic polymorphic ventricular tachycardia might allow quantification of expressivity across individuals carrying a particular genotype and allow assessment of the individual risk. 
Advanced signal processing techniques should also allow studying ventricular repolarisation and its autonomic control in patients in whom the standard studies of heart rate dynamics are impossible. Studying the dynamics of ventricular repolarisation in atrial fibrillation, atrial pacing, and during supraventricular tachyarrhythmias would advance our understanding of cardiac electrophysiology substantially.
It is also possible to imagine that this type of analysis would generally aid individual titration and control of beta-blockade in patients, and perhaps also add an important dimension to the differentiation between benign and potentially malignant effects of repolarisation affecting drugs. 
The presently used selection of patients for the prophylactic ICD implantation and recent experiences with ICD-treated patients are disappointing [13,14]. Rizas et al identified one full quarter of MADIT II patients in whom the ICDs offered no benefit [6]. The existing risk stratification strategies have to be re-evaluated and new risk stratification methods have to be included. Among other measures of autonomic function, PRD is a promising candidate to be included in future multi-signal algorithms. In the ongoing non-randomised EU-CERT-ICD study, a plethora of non-invasive risk predictors, including PRD, are prospectively tested [15]. It can only be hoped that the time will come soon when the scientific advances will allow the ICD guidelines to be more accurately redesigned.
We are convinced that a better understanding of the autonomic regulation of cardiac electrophysiology, and or cardiac repolarisation in particular, will allow optimising the therapy of individual patients.
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Figure caption
Figure 1
Upper panel: Periodic repolarization dynamics (PRD) assessed in a survivor of acuter myocardial infarction from orthogonal XYZ-leads electrocardiogram. During the period of 160 beats shown in the graph, periods of different behaviour can be distinguished. 
Lower panel: Representative T-wave loops during periods of low (A,C) and high (B,D) PRD levels. While at low PRD levels the orientation of individual T-wave loops is stable, it becomes unstable during periods of high PRD levels.
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