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HISTORICAL PERSPECTIVES The study of the heart as an electrical organ has fascinated physiologists and physicians for nearly a century and a half. Matteucci ( 1) studied electrical current in pigeon hearts, and Kölliker and Müller ( 2) studied discrete electrical activity in association with each cardiac contraction in the frog. Study of the human ECG awaited the discoveries of Waller ( 3) and, most important Einthoven (4), whose use and development of the string galvanometer permitted the standardization and widespread use of that instrument. Almost simultaneously, anatomists and pathologists were tracing the atrioventricular (A–V) conduction system. Many of the pathways, both normal and abnormal, still bear the names of the men who described them. This group of men included Wilhem His ( 5), who discovered the muscle bundle joining the atrial and ventricular septae that is known as the common A–V bundle or the bundle of His. During the first half of the twentieth century, clinical electrocardiography gained widespread acceptance; and, in feats of deductive reasoning, numerous electrocardiographers contributed to the understanding of how the cardiac impulse in man is generated and conducted. Those researchers were, however, limited to observations of atrial (P wave) and ventricular (QRS complex) depolarizations and their relationships to one another made at a relatively slow recording speed (25 mm/sec) during spontaneous rhythms. Nevertheless, combining those carefully made observations of the anatomists and the concepts developed in the physiology laboratory, these researchers accurately described, or at least hypothesized, many of the important concepts of modern electrophysiology. These included such concepts as slow conduction, concealed conduction, A–V block, and the general area of arrhythmogenesis, including abnormal impulse formation and reentry. Some of this history was recently reviewed by Richard Langendorf ( 6). Even the mechanism of pre-excitation and circus movement tachycardia were accurately described and diagrammed by Wolferth and Wood from the University of Pennsylvania in 1933 ( 7). The diagrams in that manuscript are as accurate today as they were hypothetical in 1933. Much of what has followed the innovative work of investigators in the first half of the century has confirmed the brilliance of their investigations. In the 1940s and 1950s, when cardiac catheterization was emerging, it became increasingly apparent that luminal catheters could be placed intravascularly by a variety of routes and safely passed to almost any region of the heart, where they could remain for a substantial period of time. Alanis et al. recorded the His bundle potential in an isolated perfused animal heart ( 8), and Stuckey and Hoffman recorded the His bundle potential in man during open heart surgery ( 9). Giraud, Peuch, and their co-workers were the first to record electrical activity from the His bundle by a catheter ( 10); however, it was the report of Scherlag and his associates ( 11), detailing the electrode catheter technique in dogs and humans, to reproducibly record His bundle electrogram, which paved the way for the extraordinary investigations that have occurred over the past two and a half decades. At about the time Scherlag et al. (11) were detailing the catheter technique of recording His bundle activity, Durrer and his co-workers in Amsterdam and Coumel and his associates in Paris independently developed the technique of programmed electrical stimulation of the heart in 1967 ( 12,13). This began the first decade of clinical cardiac electrophysiology. While the early years of intracardiac recording in man were dominated by descriptive work exploring the presence and timing of His bundle activation (and that of a few other intracardiac sites) in a variety of spontaneously occurring physiologic and pathologic states, a quantum leap occurred when the technique of programmed stimulation was combined with intracardiac recordings by Wellens ( 14). Use of these techniques subsequently furthered our understanding of the functional components of the A–V specialized conducting system, including the refractory periods of the atrium, A–V node, His bundle, Purkinje system, and ventricles, and enabled us to assess the effects of pharmacologic agents on these parameters, to induce and terminate a variety of tachyarrhythmias, and, in a major way, has led to a greater understanding of the electrophysiology of the human heart. Shortly thereafter, enthusiasm and inquisitiveness led to placement of an increasing number of catheters for recording and stimulation to different locations within the heart, first in the atria and thereafter in the ventricle. This led to development of endocardial catheter mapping techniques to define the location of bypass tracts and the mechanisms of supraventricular tachyarrhythmias ( 15). In the mid-1970s Josephson and his colleagues ( 16) at the University of Pennsylvania were the first to use vigorous programmed stimulation in the study of sustained ventricular tachycardia, which ultimately allowed induction of ventricular tachycardia in more than 90% of the patients in whom this rhythm occurred spontaneously. In addition, Josephson et al. ( 17) developed the technique of endocardial catheter mapping of ventricular tachycardia which, for the first time, demonstrated the safety and significance of placing catheters in the left ventricle. This led to the recognition of the subendocardial origin of the majority of ventricular tachyarrhythmias, associated with coronary artery disease and the development of subendocardial resection as a therapeutic cure for this arrhythmia ( 18). Subsequent investigators sought to establish a better understanding of the methodology used in the electrophysiology study to induce arrhythmias. Several studies validated the sensitivity and specificity of programmed stimulation for induction of uniform tachycardias, and the nonspecificity of polymorphic arrhythmias induced with vigorous programmed stimulation was recognized (19,20). For the next decade, electrophysiologic studies continued to better understand the mechanisms of arrhythmias in man by comparing the response to program stimulation in man to the response to in vitro and in vivo studies of abnormal automaticity, triggered activity caused by delayed and early after-depolarizations, and anatomical functional reentry. These studies, which used programmed stimulation, endocardial catheter mapping, and response of tachycardias to stimulation and drugs, have all suggested that most sustained paroxysmal tachycardias were due to reentry. The entrant substrate could be functional or fixed or combinations of both. In particular, the use of entrainment and resetting during atrial flutter and ventricular tachycardia were important techniques used to confirm the reentrant nature of these arrhythmias (20,21,22,23,24 and 25). Resetting and entrainment with fusion became phenomena that were diagnostic of reentrant excitation. Cassidy et al. (26), using left ventricular endocardial mapping during sinus rhythm, for the first time described an electrophysiologic correlate of the pathophysiologic substrate of ventricular tachycardia in coronary artery disease—a fragmented electrogram ( 26,27). Fenoglio, Wit, and their colleagues from the University of Pennsylvania documented for the first time that these arrhythmogenic areas were associated with viable muscle fibers separated by and imbedded in scar tissue from the infarction (28). Experimental studies by Wit and his colleagues ( 29) demonstrated that these fractionated electrograms resulted from poorly coupled fibers that were viable and maintained normal action potential characteristics, but which exhibited saltatory conduction caused by nonuniform anisotropy. Further exploration of contributing factors (triggers), such as the influence of the autonomic nervous system or ischemia, will be necessary to further enhance our understanding of the genesis of the arrhythmias. This initial decade or so of electrophysiology could be likened to an era of discovery. Subsequently, and overlapping somewhat with the era of discovery, was the development and use of electrophysiology as a tool for therapy for arrhythmias. The ability to reproducibly initiate and terminate arrhythmias led to the development of serial drug testing to assess antiarrhythmic efficacy ( 30). The ability of an antiarrhythmic drug to prevent initiation of a tachycardia that was reliably initiated in the control state appeared to predict freedom from the arrhythmia in the two to three year follow-up. This was seen in many nonrandomized clinical trials from laboratories in the early 1980s. The persistent inducibility of an arrhythmia universally predicted an outcome that was worse than that in patients in whom tachycardias were made noninducible. The natural history of recurrences of ventricular tachyarrhythmias (or other arrhythmias for that matter) and the changing substrate for arrhythmias were recognized potential imitations of drug testing. It was recognized very early that programmed stimulation may not be applicable to the management of ventricular tachyarrhythmias in patients with without coronary artery disease, i.e., cardiomyopathy ( 31). It was also recognized that the clinical characteristics of spontaneous ventricular arrhythmias dictated the type of recurrence on antiarrhythmic therapy. As such, patients who present with stable arrhythmias have recurrences that are stable; those presenting with cardiac arrest tend to recur as cardiac arrest. Thus, in patients presenting with a cardiac arrest, a 70% to 90% chance of no recurrence in two years based on serial drug testing still meant that 10% to 30% of the patients would have a recurrent cardiac arrest. This was not an acceptable recurrence rate and led to the subsequent abandonment of antiarrhythmic agents to treat patients with cardiac arrest with defibrillators ( 32). (See subsequent paragraphs.) The ESVEM study (33), although plagued by limitations in protocol and patient selection, again showed the limitations of EP-guided drug testing to predict freedom of arrhythmias. Nevertheless, all studies to date have shown that patients whose arrhythmias are rendered noninducible by antiarrhythmic agents fare better than those who have arrhythmias that are persistently inducible. Whether this demonstrates the ability of EP testing to guide results, or the ability of EP testing to select patients at low and high risk, respectively, remains unknown. With the known limitations of EP-guided therapy to predict outcomes uniformly and correctly, as well as the potentially lethal proarrhythmic effect of antiarrhythmic agents demonstrated in the CAST study (34), the desire for nonpharmacologic approaches to therapy grew. Surgery had already become a gold standard therapy for Wolff-Parkinson-White syndrome and innovative surgical procedures for ventricular tachycardia had grown from our understanding of the pathophysiologic substrate of VT and coronary disease and the mapping of ventricular tachycardia from the Pennsylvania group. However, surgery was considered a rather drastic procedure for patients with a relatively benign disorder (SVT and the Wolff-Parkinson-White syndrome), and although successful for ventricular tachycardia due to coronary artery disease, was associated with a high operative mortality. These limitations have led to two major areas of nonpharmacologic therapy that have dominated the last decade: implantable antitachycardia/defibrillator devices and catheter ablation. These techniques were the natural evolution of our knowledge of arrhythmia mechanisms (e.g., the ability to initiate and terminate the reentrant arrhythmias by pacing and electrical conversion) and the refinement of catheter mapping



techniques and the success of surgery used with these techniques. It was Michel Mirowski who initially demonstrated that an implantable defibrillator could convert ventricular tachycardia or ventricular fibrillation to sinus rhythm regardless of underlying pathophysiologic substrate and prevent sudden cardiac death ( 32). The initial devices that were implanted epicardially via thoracotomy have been reduced in size so that they can be implanted pectorily using active cans as a pacemaker of a decade ago. Dual chambered ICDs with a full range of antitachycardia pacing modalities are currently in widespread use for the treatment of patients with ventricular tachycardia that is either stable or producing cardiac arrest. The antitachycardia pace modalities are very effective in terminating monomorphic reentrant VTs and can terminate nearly 50% of VTs with cycle lengths less than 300 msec, terminate them by synchronized cardioversion with great efficacy and speed, which has allowed patients not only freedom from sudden death, but freedom from syncope. Atrial defibrillation is also now possible and has been used in patients with atrial fibrillation as a sole indication. More likely in the future, dual chambered atrial and ventricular defibrillators will be available to treat patients who have both atrial fibrillation and malignant ventricular arrhythmias (35). The other major thrust of the last decade has been the use of catheter ablation techniques to manage cardiac arrhythmia. Focal ablations and radiofrequency energy is now the standard treatment of choice for patients with a variety of supraventricular tachycardias, including AV nodal tachycardia, circus movement tachycardia using concealed or manifested accessory pathways, incessant atrial automatic tachycardia, atrial flutter that is isthmus-dependent as well as other scar-related atrial tachycardias, ventricular tachycardias in both normal hearts and those associated with prior coronary artery disease, and most exciting and recent, in the management of focal atrial fibrillation ( 36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54 and 55). While atrial fibrillation and atrial tachyarrhythmias arising in the pulmonary veins should treat “focal” atrial fibrillation, it has been well accepted. The use of linear lesions to manage other forms of atrial fibrillation has not been as uniformly successful. These are attempts to mimic the surgical procedure developed by Dr. James Cox (the MAZE procedure) to manage multiple wavelet atrial fibrillation (56,57). Indirect methods to treat arrhythmias, such as creation of AV nodal block to manage rates in atrial fibrillation associated with pacemaker implantation, are also now a widely used therapeutic intervention ( 58). Thus, catheter-ablative techniques have virtually eliminated the need for surgical approaches to the management of supraventricular and ventricular tachyarrhythmias. While much has been accomplished, much still remains. We certainly must not let technology lead the way. We electrophysiologists must maintain our interest in understanding the mechanisms of arrhythmias so that we can devise nonpharmacologic approaches that would be more effective and safe to manage these arrhythmias. New molecular approaches may be comparable in the near future as we have entered the world of molecular biology and have seen the recognition of ion channelopathies such as long QT syndrome ( 59,60) and Brugada syndrome (61,62). Cardiovascular genomics will play an important role in risk stratification of arrhythmias in the future, and the new field of “proteinomics” will be essential if we are to develop specifically targeted molecules. The past has seen a rapid evolution of electrophysiology, from one of understanding mechanisms to one of developing therapeutic interventions. Hopefully, the future will be a combination of both. REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38. 39. 40. 41. 42. 43. 44. 45. 46. 47. 48. 49. 50. 51. 52. 53. 54. 55. 56. 57.
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PREFACE



The past thirty years have witnessed the birth, growth, and evolution of clinical electrophysiology from a field whose initial goals were the understanding of arrhythmia mechanisms to one of significant therapeutic impact. The development and refinement of implantable devices and catheter ablation have made non-pharmacologic therapy a treatment of choice for most arrhythmias encountered in clinical practice. Unfortunately, these new therapeutic tools have captured the imagination of “young electrophysiologists” to such an extent that terms such as “ablationist” and “defibrillationist” are used to describe their practice. Their zest for application of such therapeutic modalities has led to a decrease in the emphasis of understanding the arrhythmias one treats prior to treating them. The purpose of this book is to provide the “budding electrophysiologist” with an electrophysiologic approach to arrhythmias, which is predicated on the hypothesis that a better understanding of the mechanisms of arrhythmias will lead to more successful and rationally chosen therapy. As such, this book will stress the methodology required to define the mechanism and site of origin of arrhythmias so that safe and effective therapy can be chosen. The techniques suggested to address these issues and specific therapeutic interventions employed represent a personal view, one which is based on experience, and not infrequently, on intuition. Mark E. Josephson, M.D.
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PERSONNEL The most important aspects for the performance of safe and valuable electrophysiologic studies are the presence and participation of dedicated personnel. The minimum personnel requirements for such studies include at least one physician, one to two nurse-technicians, an anesthesiologist on standby, and an engineer on the premises to repair equipment. With the widespread use of catheter ablation, appropriate facilities and technical support are even more critical ( 1,2). The most important person involved in such studies is the physician responsible for the performance and interpretation of these studies. This person should have been fully trained in clinical cardiac electrophysiology in an approved electrophysiology training program. The guidelines for training in clinical cardiac electrophysiology have undergone remarkable changes as interventional electrophysiology has assumed a more important role. The current training guidelines for competency in cardiac electrophysiology have been developed by the American College of Cardiology and the American Heart Association, and the American College of Physicians–American Society of Internal Medicine in collaboration with the North American Society for Pacing and Electrophysiology ( 3,4). Based on these recommendations, criteria for certification in the subspeciality of clinical cardiac electrophysiology have been established by the American Board of Internal Medicine. Certifying exams are given every other year. The clinical electrophysiologist should have electrophysiology in general and arrhythmias in particular as his or her primary commitment. As such, they should have spent a minimum of 1 year—preferably, 2 years—of training in an active electrophysiology laboratory and have met criteria for certification. The widespread practice of device implantation by electrophysiologists will certainly make a combined pacing and electrophysiology program mandatory for implanters. Such credentialing will be extremely important for practice and reimbursement in the future. One and preferably two nurse-technicians are critical to the performance of electrophysiologic studies that both are safe and yield interpretable data. These nurse-technicians must be familiar with all the equipment used in the laboratory and must be well trained and experienced in the area of cardiopulmonary resuscitation. We use two or three dedicated nurse-technicians in each of our electrophysiology laboratories. Their responsibilities range from monitoring hemodynamics and rhythms, using the defibrillator/cardioverter when necessary, and delivering antiarrhythmic medications and conscious sedation (nurses), to collecting and measuring data on-line during the study. They are also trained to treat any complications that could possibly arise during the study. An important but often unstressed role is the relationship of the nurse and the patient. The nurse is the main liaison between the patient and physician during the study—both verbally, communicating symptoms, and physically, obtaining physiologic data about the patient's clinical status. The nurse-technician may also play an invaluable role in carrying out laboratory-based research. It is essential that the electrophysiologist and nurse-technician function as a team, with full knowledge of the purpose and potential complications of each study being ensured at the outset of the study. An anesthesiologist and probably a cardiac surgeon should be available on call in the event that life-threatening arrhythmias or complications requiring intubation, ventilation, thoracotomy, and potential surgery should arise. This is important in patients undergoing stimulation and mapping studies for malignant ventricular arrhythmias and, in particular, catheter ablation techniques (see Chap. 14). In addition, an anesthesiologist or nurse-anesthetist usually provides anesthesia support for ICD implantation and/or testing. In the substantial minority of laboratories, anesthesia and/or conscious sedation is given by the laboratory staff (nurse or physician). A biomedical engineer and/or technician should be available to the laboratory to maintain equipment so that it is properly functioning and electrically safe. It cannot be stated too strongly that electrophysiologic studies must be done by personnel who are properly trained in and who are dedicated to the diagnosis and management of arrhythmias. This opinion is shared by the appropriate associations of internal medicine and cardiology ( 1,2,3 and 4).



EQUIPMENT The appropriate selection of tools is of major importance to the clinical electrophysiologist. Although expensive and elaborate equipment cannot substitute for an experienced and careful operator, the use of inadequate equipment may prevent the maximal amount of data from being collected, and it may be hazardous to the patient. To some degree, the type of data collected determines what equipment is required. If the only data to be collected involve atrioventricular (A–V) conduction intervals (an extremely rare situation), this can be determined with a single catheter and a simple ECG-type amplifier and recorder, which are available in most cardiology units. However, a complete evaluation of most supraventricular arrhythmias, which may require activation mapping, necessarily involves the use of multiple catheters and several recording channels as well as a programmable stimulator. Thus, an appropriately equipped laboratory should provide all the equipment necessary for the most detailed study. In the most optimal of situations, a room should be dedicated for electrophysiologic studies. This is not always possible, and in many institutions, the electrophysiologic studies are carried out in the cardiac hemodynamic–angiographic catheterization laboratory. A volume of more than 100 cases per year probably requires a dedicated laboratory. The room should have air filtering equivalent to a surgical operating room, if it is used for ICD and pacemaker implantation. This is the current practice in more than 90% of centers and is likely to be the universal practice in the future. It is important that the electrophysiology laboratory have appropriate radiographic equipment. The laboratory must have an image intensifier that is equipped for at least fluorocopy, and, in certain instances, is capable of cinefluoroscopy if the laboratory is also used for coronary angiography. To reduce radiation exposure, pulsed fluoroscopy or other radiation reduction adaptations are required. This has become critical in the ablation era, when radiation exposure can be prolonged and risk of malignancy increased. Future systems will be digitally based, which will eliminate radiation risk and allow for easy storage of acquired data. The equipment must be capable of obtaining views in multiple planes. Currently, state-of-the-art equipment for such studies includes permanent radiographic equipment of the C-arm, U-arm, or biplane varieties. Electrode Catheters



A variety of catheters is currently available with at least two ring electrodes that can be used for bipolar stimulation and/or recording. The catheter construction may be of the woven Dacron variety or of the newer extruded synthetic materials such as polyurethane. As a general all-purpose catheter, we prefer the woven Dacron catheters (Bard Electrophysiology, Billerica, MA) because of their greater durability and physical properties. These catheters come with a variable number of electrodes, electrode spacing, and curves to provide a range of options for different purposes ( Fig. 1-1). Although they have superior torque characteristics, their greatest advantage is that they are stiff enough to maintain a shape and yet they soften at body temperature so that they are not too stiff for forming loops and bends in the vascular system to adapt a variety of uses. The catheters made of synthetic materials cannot be manipulated and change shapes within the body, so they are less desirable. Many companies make catheters for specific uses such as coronary sinus cannulation, His bundle recording, etc., but in most cases I believe this is both costly and unnecessary. The advantages of the synthetic catheters are that they are cheaper and can be made smaller (2–3 French) than the woven Dacron types. Currently, most electrode catheters are size 3 to size 8 French. The smaller sizes are used in children. In adult patients, sizes 5 to 7 French catheters are routinely used. Other diagnostic catheters have a deflectible tip ( Fig. 1-2). These are useful to reach and record from specific sites (e.g., coronary sinus, crista terminalis, tricuspid valve). In most instances the standard woven Dacron catheters suffice, and they are significantly cheaper. Although special catheters are useful for specific indications described below, standard catheters can be used for most standard pacing and stimulation protocols.



FIG. 1-1. Electrode catheters routinely used. Woven Dacron catheters with varying number of electrodes and interelectrode distances.



FIG. 1-2. Electrode catheter with deflectable tips. Different types of catheters with deflectable tips. These are primarily made of extruded plastic.



Electrode catheters have been designed for special uses. Catheters with an end hole and a lumen for pressure measurements may be useful in (a) electrophysiologic hemodynamic diagnostic studies for Ebstein's anomaly; (b) validation of a His bundle potential by recording that potential and the right atrial pressure simultaneously (see Chap. 2); (c) the occasional instance when it may be desirable to pass the catheter over a long guide wire or transseptal needle; and (d) electrophysiologic studies that are part of a more general diagnostic study and/or for which blood sampling from a specific site (e.g., the coronary sinus) or angiography in addition to pacing is desirable. Special catheters have also been designed to record a sinus node electrogram, although we believe that such electrograms can be obtained using standard catheters (see Chap. 3). Other catheters have been specially designed to facilitate recording of the His bundle potential using the antecubital approach, which occasionally may be useful when the standard femoral route is contraindicated. This catheter has a deflectable tip that permits it to be formed into a pronounced J-shape once it has been passed into the right atrium. In the last decade the evolution of ablation techniques for a variety of arrhythmias necessitated the development of catheters that enhance the ability to map as well as to safely deliver radiofrequency energy. Mapping catheters fall into two general categories: (a) deflectable catheters to facilitate positioning for mapping and delivering ablative energy, and (b) catheters with multiple poles (8–64) that allow for simultaneous acquisition of multiple activation points. The former category includes a variety of ablation catheters as well as catheters to record and pace from specific regions (e.g., coronary sinus, tricuspid annulus, slow pathway [see Chap. 8], crista terminalis [see Chap. 9]). Some ablation catheters have a cooled tip, one through which saline is infused to allow for enhanced tissue heating without superficial charring. Ablation catheters deliver RF energy through tips that are typically 4–5 mm in length but may be as long as 10 mm ( Fig. 1-3). Catheters that are capable of producing linear radiofrequency lesions are being developed to treat atrial fibrillation by compartmentalizing the atria, but currently the ability of these catheters to produce transmural linear lesions that have clinical benefit and are safe is not proven. Catheters that deliver microwave, cryothermal, or pulsed-ultrasound energy to destroy tissue will likely be developed in the future. In the second category are included standard catheters with up to 24 poles that can be deflected to map large and/or specific areas of the atrium (e.g., coronary sinus, tricuspid annulus, etc.) ( Fig. 1-4). Of particular note are catheters shaped in the form of a “halo” to record from around the tricuspid ring ( Fig. 1-5), and basket catheters (Fig. 1-6), which have up to 64 poles or prongs that spring open and which are used to acquire simultaneous data from within a given cardiac chamber.



FIG. 1-3. Cool tip ablation catheter. Saline spray through the catheter tip is used to maintain “low” tip temperature to prevent charring while at the same time increasing lesion size. See text for discussion. (See Color Fig. 1-3.)



FIG. 1-4. Multipolar, bidirectional deflectable catheter. Deflectable catheters with 10–24 poles that have bidirectional curves are useful for recording from the entire coronary sinus or the anterolateral right atrium along the tricuspid annulus.



FIG. 1-5. Multipolar deflectable catheter for recording around the tricuspid annulus. While standard 10–20 pole woven Dacron or deflectable catheters can be used to record along the anterolateral tricuspid annulus, a “halo” catheter has been specifically designed to record around the tricuspid annulus.



FIG. 1-6. Basket catheter. A 64-pole retractable “basket” catheter with 8 splines is useful for simultaneous multisite data acquisition for an entire chamber. The schema demonstrates the catheter position in the right atrium when used for the diagnosis and treatment of atrial tachyarrhythmias.



Another catheter that has the characteristics and appearance of a standard ablation catheter that has a magnetic sensor within the shaft near the tip is made by Biosense, Cordis-Webster. Together with a reference sensor, it can be used to precisely map the position of the catheter in three dimensions. This Biosense electrical and anatomic mapping system is composed of the reference and catheter sensor, an external, ultralow magnetic field emitter, and the processing unit ( 5). The amplitude, frequency, and phase of the sensed magnetic fields contain information required to solve the algebraic equations yielding the precise location in three dimensions (x, y, and z axes) and orientation (roll, yaw, pitch) of the catheter tip sensor. A unipolar or bipolar electrogram can be recorded simultaneously with the position in space. An electrical anatomic map can, therefore, be generated. This provides precise (less than 1 mm) accuracy and allows one to move the catheter back to any desirable position, a particularly important feature in mapping. In addition, the catheter may be moved in the absence of fluoroscopy, thereby saving unnecessary radiation exposure. The catheter, because of its ability to map the virtual anatomy, can display the cardiac dimensions, volume, and ejection fraction. Another new mapping methodology, with its own catheter, is so-called noncontact endocardial mapping. An intracavitary multielectrode probe ( Fig. 1-7) is introduced retrogradely, transseptally, or pervenously into the desired chamber and endocardial electrograms are reconstructs using inverse solution methods ( 6). Endocardial potentials and activations sequences are reconstructed from intracavitary probe signals. Beat-to-beat activation sequences of the entire chamber are generated. Whether this technique offers enough spatial resolution to be used to guide precise ablation in diseased hearts requires validation.



FIG. 1-7. The EnSite noncontact mapping probe. Mathematically derived electrograms from more than 3000 sites can be generated from this olive-like probe (see Chap. 14). (See Color Fig. 1-7 .)



The number and spacing of ring electrodes may vary. Specially designed catheters with many electrodes (up to 24), an unusual sequence of electrodes, or unusual positioning of bipolar pairs may be useful for specific indications. For routine pacing or recording, a single pair of electrodes is sufficient; simultaneous recording and stimulation require two pairs; and studies requiring detailed evaluation of activation patterns or pacing from multiple sites may require several additional pairs. It is important to realize that while multiple poles can gather simultaneous and accurate data, only the distal pole of an intracavitarily placed electrode will have consistent contact with the wall; thus, electrograms from the proximal electrodes may yield unreliable data. In general, a quadripolar catheter suffices for recording and stimulation of standard sites in the right atrium, right ventricle, and for recording a His bundle electrogram. We routinely use the Bard Electrophysiology multipurpose quadripolar catheter with a 5-mm interelectrode distance for recording and stimulation of the atrium and ventricle as well as for recording His bundle.



The interelectrode distances may range from 1 to 10 mm or more. In studies requiring precise timing of local electrical activity, tighter interelectrode distances are theoretically advantageous. We have evaluated activation times comparing 5- and 10-mm interelectrode distance on the same catheter and have found they do not differ significantly. It is unclear how much different the electrogram timing is using 1-mm apart electrodes. In my experience, the local activation time is similar but the width of the electrogram and sometimes additional components of a multicomponent electrogram may be absent when very narrow interelectrode distances are used. If careful attention is paid to principles of measurement, an accurate assessment of local activation time on a bipolar recording can be obtained with electrodes that are 5 or 10 mm apart. As stated above, we routinely use catheters with a 2-mm or 5-mm interelectrode distance for most general purposes. Very narrow interelectrode distances (less than or equal to 1 mm) may, however, be useful in understanding multicomponent electrograms. In similar fashion, orthogonal electrodes may provide particularly advantageous information regarding the presence of bypass tract potentials. In certain circumstances, unipolar, unfiltered recordings are used since they provide the most accurate information regarding local activation time as well as directional information. In order to facilitate recording unipolar potentials without electrical interference, catheters have been developed with a fourth or fifth pole, 20–50 cm from the tip. This very proximal pole can be used as an indifferent electrode, and unipolar unfiltered recordings can be obtained without electrical interference. We have found this method to be more consistently free of artifact than unipolar signals generated using a Wilson central terminal. If handled with care, electrode catheters, specifically the woven Dacron types without a lumen, may be resterilized and reused almost indefinitely. However, there is much disagreement about the policy of reuse of catheters. Whereas, many of the early electrophysiologists have used the woven Dacron catheters multiple times without infection, there has been some concern in some laboratories about resterilization. While sterilization using ethylene oxide may leave deposits, particularly in extruded catheters, other forms of sterilization are safe. Contrarily, all catheters with lumens must be discarded after a single use. If catheters are reused prior to sterilization, they should be checked to assess electrical continuity. This can be done with a simple application of an ohmmeter to the distal ring and the corresponding proximal connectors. Currently the FDA has proposed strict guidelines for the resterilization of catheters. As a consequence, most institutions now send out their catheters to companies with approved resterilization facilities or, more commonly, have gone to single use. Laboratory Organization As stated previously, a dedicated electrophysiologic laboratory and equipment dedicated to that laboratory are preferred. Use of stimulation and recording equipment in such a laboratory is schematically depicted in Figure 1-8. The equipment may be permanently installed in an area set apart for electrophysiologic work, or it may be part of a general catheterization laboratory such that it is installed in a standard rack mount that includes the hemodynamic monitoring amplifiers. In most laboratories, a stimulator and a computer system that modifies all input signals and stores them on optical disk are used. Some centers still use older systems, such as the E for M electronics DR 8, 12, or 16, in which signals are conditioned and visualized on an oscilloscope and printed out on a strip chart recorder. Such data may also be separately saved on tape for subsequent review. These systems, some of which may be 20 years old, are no longer commercially available, but work well. The recent development of computerized recording systems with optical disks has obviated the need for a tape recorder or VCR for clinical studies and has made storage of data much easier. However, current proprietary software limits the ability to analyze data acquired on computers with different software. Conversely, research data stored on a VCR tape recorder can be more widely used. While computors are superb for storing data, they cannot automatically “mark” events of interest. Such events are frequently missed and, in my opinion, a direct writer is still the best method for recording the data as they are obtained (see following discussion). It is likely in time that computer systems will become more universally useable and all data can be saved, marked, and reviewed. This, in my opinion, in no way eliminates the advantage of having a hard copy of the data on a strip chart for subsequent analysis and review. I personally believe that the strip chart recorders are infinitely better for education. No events are missed and many individuals can analyze and discuss data together. The downside of strip chart recorders is difficult data storage.



FIG. 1-8. Schema of laboratory setup for data processing and analysis.



A fixed cinefluoroscopic C-arm or a biplane unit is preferred to any portable unit because it always has superior image intensification and has the ability to reduce radiation by pulsing the fluoroscopy. All equipment must be appropriately grounded, and other aspects of electrical safety must be ensured because even small leakage currents can pass directly to the patient and potentially can induce ventricular fibrillation. All electrophysiologic equipment should be checked by a technical specialist or a biomedical engineer and isolated so leakage current remains less than 10 mA. Recording and Stimulation Apparatus Junction Box The junction box, which consists of pairs of numbered multiple pole switches matched to each recording and stimulation channel, permits the ready selection of any pair of electrodes for stimulation or recording. Maximum flexibility should be ensured. This can be done by incorporating the capability of recording uni- and bipolar signals from the same electrodes simultaneously on multiple amplifiers. Most of the current computerized systems fail in flexibility. Such systems have a limited number of groups of amplifiers and do not allow for the capability of older systems, which allowed one to record unipolar and bipolar signals from the same electrodes, even when numbering more than 20. Current computer junction boxes come in banks of 8 or 16 and thus, at best, could record only that number of signals. Recording Apparatus The signal processor (filters and amplifiers), visualization screen, and recording apparatus are often incorporated as a single unit. This may be in the form of a computerized system (e.g., Prucka, Bard, or EP Medical) or, as mentioned earlier, an old-fashioned Electronics for Medicine VR or DR 16. Custom-designed amplifiers with automatic gain control, variable filter settings, bank switching, or common calibration signals, etc., can also be used. Most of the newer systems are computer-driven and do not have such capabilities as the system originally designed for us by Bloom, Inc. (Reading, PA). For any system 8 to 14 amplifiers should be available to process a minimum of 3 to 4 surface ECG leads (including standard and/or augmented leads for the determination of frontal plane axis and P-wave polarity, and lead V 1 for timing) simultaneously with multiple intracardiac electrograms. The number of amplifiers for intracardiac recordings can vary from 3 to 128, depending on the requirements or intentions of the study. Studies using basket catheters to look at global activation might require 64 amplifiers while a simple atrial electrogram may suffice if the only thing desired is to document the atrial activity during a wide complex tachycardia. I believe an electrophysiology laboratory should have maximum capabilities to allow for both such simple studies and more complex ones. Intracardiac recordings should always be displayed simultaneously with at least 3 or 4 ECG leads to ensure accurate timing, axis determination, and P-wave/QRS duration and morphology. The ECG leads should at least be the equivalent of X, Y, and Z leads. Ideally, 12 simultaneous ECG leads should be able to be recorded, but this is not mandatory. Most computers allow several “pages” to be stored. One of these pages is always a 12-lead electrocardiogram. The advantage of computers is that you can always have a 12-lead electrocardiogram simultaneously recorded during a study when the electrophysiologist is observing the intracardiac channels. In the absence of a computer system, a 12-lead electrocardiogram should also be simultaneously attached to the patient. This allows recording of a 12-lead electrocardiogram at any time during the study. In our laboratory we have both capabilities, i.e., that of a computer-generated 12-lead electrocardiogram as well as a direct recording. We use the standard ECG machine to get a 12-lead rhythm strip, which we find very useful in assessing the QRS morphology during entrainment mapping (see Chap. 11 and Chap. 14). In the absence of a computer, a method to independently generate time markers is necessary to allow for accurate measurements. The amplifiers used for recording intracardiac electrograms must have the ability to have gain modification as well as to alter both high- and low-band pass filters to permit appropriate attenuation of the incoming signals. The His bundle deflection and most intracardiac recordings are most clearly destined when the signal is filtered between 30 or 40 Hz (high pass) and 400 or 500 Hz (low pass)



(Fig. 1-9). The capability of simultaneously acquiring open (.05–0.5 to 500 Hz) and variably closed filters is imperative in order to use both unipolar and bipolar recordings. This is critical for selecting a site for ablation that requires demonstration that the ablation tip electrode is also the source of the target signal to be ablated.



FIG. 1-9. Effect of filtering frequency on the His bundle electrogram. From top to bottom in each of the seven panels: a standard lead V l, a recording from a catheter in the position to record the His bundle electrograms, and time lines at 10 and 100 msec. Note that the clearest recording of the His bundle electrogram occurs with a filtering of signals below 40 Hz and above 500 Hz.



The recording apparatus, or direct writer, is preferable if one desires to see a continuous printout of what is going on during the study. Most current computerized systems, however, only allow snapshots of selected windows. Obviously this can result in missing some important data. If one does have a direct writer, it should be able to record at paper speeds of up to 200 mm/sec. While continuously recording information has significant advantages, particularly for the education of fellows, storage of the paper and limited ability to note phenomenon on line have led to the use of computers for data acquisition and storage. Such computerized systems, as noted above, store amplified signals on a variety of pages. These data can be evaluated on or off line and can be measured at a distant computer terminal. This specifically means that in order for people to perform their measurements, there needs to be a downtime of the laboratory or a separate slave terminal that can be used just for analysis at a site distant from the cath lab. As stated earlier, computerized systems have the limitation of only saving that which the physician requests; much data are missed as a consequence. Stimulator A programmable stimulator is necessary to obtain data beyond measurement of basal conduction intervals and activation times. Although a simple temporary pacemaker may suffice for incremental pacing for assessment of A–V and ventriculoatrial (V–A) conduction capabilities and/or sinus node recovery times, a more complex programmable stimulator is required for the bulk of electrophysiologic studies. An appropriate unit should have (a) a constant current source; (b) minimal current leakage (less than 10 µA); (c) the ability to pace at a wide range of cycle lengths (10 to 2000 msec) from at least two simultaneous sites; (d) the ability to introduce multiple (preferably a minimum of three) extrastimuli with programming accuracy of 1 msec; and (e) the ability to synchronize the stimulator to appropriate electrograms during intrinsic or paced rhythms. The stimulator should be capable of a variable dropout or delay between stimulation sequences so that the phenomena that are induced can be observed. Other capabilities, including A–V sequential pacing, synchronized burst pacing, and the ability to introduce multiple sequential drive cycle lengths, can be incorporated for research protocols. We have found that the custom-designed unit manufactured by Bloom-Fischer, Inc. (Denver, CO) fulfills all the standard requirements and can be modified for a wide range of research purposes. I believe that the range of devices currently available from Bloom-Fischer and their predecessors can more than adequately satisfy the needs of any electrophysiologist. Many of the Bloom stimulators built more that 20 years ago are still functional. The stimulator should also be able to deliver variable currents that can be accurately controlled. The range of current strengths that could be delivered should range from 0.1 to 10 mA, although greater currents may be incorporated in these devices for specialized reasons. The ability to change pulse widths is also useful. The standard Bloom-Fischer stimulator has pulse width ranges of 0.1 to 10 msec. The importance of a variable constant current source cannot be overemphasized. The results of programmed stimulation may be influenced by the delivered current (usually measured as milliamps); hence, the current delivered to the catheter tip must remain constant despite any changes in resistance. For consistency and safety, stimulation has generally been carried out at twice the diastolic threshold. Higher currents, 5 and 10 mA, have been used in some laboratories to reach shorter coupling intervals or to obtain strength interval curves (see following discussion). The safety of using increased current, however, particularly with multiple extrastimuli, has not been established. Observations in our laboratory and recent studies elsewhere (7) suggest that the use of currents of 10 mA with multiple extrastimuli can result in a high incidence of ventricular fibrillation that has no clinical significance. Cardioverter/Defibrillator A functioning cardioverter/defibrillator should be available at the patient's side throughout all electrophysiologic studies. This is particularly true during electrophysiologic studies with patients who have malignant ventricular arrhythmias because cardioversion and/or defibrillation is necessary during at least one study in 25% to 50% of such patients. A wide variety of cardioverter/defibrillators are available and have similar capabilities as far as delivered energy, although they vary in the waveform by which the energy is delivered. There is currently a move towards biphasic waveforms because of the enhanced defibrillation efficacy when compared to monophasic waveforms. We have recently switched to PhysioControl-Medtronic biphasic devices. Other biphasic systems are also available. We routinely employ disposable defibrillation pads which are connected via an adaptor to the cardioverter/defibrillator. The ECG is recorded through the pads as a modified bipolar lead during cardioversion. Use of these pads has led to a marked improvement in tolerance and anxiety of the patients for cardioversion/defibrillation because the nurse-technician need not hover over the patient with paddles. The success and/or complications of cardioversion/defibrillation depend on the rhythm requiring conversion, the duration of that rhythm before attempted conversion, the amount of energy used, and the underlying cardiac disease. The most common arrhythmias requiring conversion are atrial flutter, atrial fibrillation, ventricular tachycardia, and ventricular fibrillation. Since patients are anesthetized or are unconscious during delivery of shocks, we generally use high output to maximize success and minimize induction of fibrillation. Although atrial fibrillation often can be cardioverted with 100 joules, it frequently requires ³ 200 joules. Thus, it is our practice to convert atrial fibrillation with an initial attempt at ³ 200 joules. Ventricular tachycardia and ventricular fibrillation are the most common rhythms in our laboratory requiring cardioversion. The rate and duration of the tachycardia as well as the presence of ischemia influence the outcome. Although it is well recognized that low energies can convert ventricular tachycardia, such energies can accelerate the rhythm and/or produce ventricular fibrillation. In a prospective study using a monophasic waveform, we noted that 41 of 44 episodes of ventricular tachycardia were converted by 200 joules, whereas only 6 of 13 episodes of ventricular fibrillation were converted with this energy ( 8). Thus our standard procedure is to use ³ 300 joules monophasic or 200 joules biphasic for sustained ventricular tachyarrhythmias. Burning noted at the site of the R2 pads is common, and it is assuaged by the use of steroid creams. We have not found significant elevations of myocardial-specific creatine phosphokinase (CPK) although repeated episodes of high-energy cardioversion have resulted in a release of muscle CPK from the chest wall (8). A variety of brady- and tachyarrhythmias as well as ST-segment changes can be noted post-cardioversion. ST elevation and/or depression are seen in 60% of conversions and usually resolve within 15 minutes. The development of bradycardia appears most common with multiple cardioversions for arrhythmia termination in patients with inferior infarction ( 5). Ventricular arrhythmias, when induced, are usually short-lived. Similar findings have been observed by Waldecker et al. ( 9). The high incidence of bradyarrhythmia, particularly in those patients with prior inferior infarction or those on negative chronotropic agents (e.g., blockers or amiodarone), suggests the necessity of having the capability for pacemaker support postconversion. It is necessary in certain patients.



CARDIAC CATHETERIZATION TECHNIQUE Intracardiac positioning of electrode catheters requires access to the vascular tree, usually on the venous side but occasionally on the arterial side as well. The technical approach is dictated by (a) the venous and arterial anatomy and the accessibility of the veins and arteries and (b) the desired ultimate location of the electrodes (Table 1-1). In the great majority of cases, the percutaneous modified Seldinger technique is the preferred method of access in either the upper or lower extremity. The percutaneous approach is fast, relatively painless, allows for prompt catheter exchange, and most important, often allows the vein to heal over a period of days. After healing, the vein can often be used again for further studies. Direct vascular exposure by cut down is only occasionally necessary in the upper



extremity, and it is rarely, if ever, warranted in the lower extremity. Specific premedication is generally not required: If it is considered necessary because the patient is extremely anxious, diazepam or one of its congeners is used. Diazepam has not been demonstrated to have any electrophysiologic effects ( 10). We prefer the short-acting medazolan (Versed) for sedation in our laboratory.



TABLE 1-1. Catheter Approach for Electrophysiologic Study



Femoral Vein Approach Either femoral vein may be used, but catheter passage from the right femoral vein is usually easier, primarily because most catheterizers are right-handed and laboratories are set up for right-handed catheterization. The major contraindication in the right-femoral vein approach is acute and/or recurrent ileofemoral thrombophlebitis. Severe peripheral vascular disease or the inability to palpate the femoral artery, which is the major landmark, are relative contraindications. The appropriate groin is shaved, prepared with an antiseptic solution, and draped. The femoral artery is located by placing one's fingertips between the groin crease inferiorly and the line of the inguinal ligament superiorly, which extends from the anterior superior iliac spine to the symphysis pubis; the femoral vein lies parallel and within 2 cm medial to the area just described. A small amount of local anesthetic (e.g., a 1% to 2% solution of lidocaine hydrochloride or its equivalent) is infiltrated into the area, and a small stab wound is made in the skin with a No. 11 blade. A small, straight clamp or curved hemostat is used to make a plane into the subcutaneous tissues. A 2 3/4-inch, 18-gauge, thin-walled Cournand needle or an 18-gauge Cook needle is briskly advanced through the stab wound until the vein or pelvic bone is encountered. The patient may complain of some pain if the pelvic bone is encountered. Additional lidocaine may be infiltrated into the periosteum through the needle. A syringe half filled with flush solution is then attached to the hub of the needle, and the needle and syringe are slowly withdrawn, with the operator's left hand steadying the needle and his right hand withdrawing gently on the syringe. When the femoral vein is entered, a free flow of blood into the syringe is apparent. While the operator holds the needle steady with his left hand, he removes the syringe and inserts a short, flexible tip-fixed core (straight or “floppy J”), Teflon-coated stainless steel guide wire. The wire should meet no resistance to advancement. If it does, the wire should be removed, the syringe reattached, and the needle again slowly withdrawn until a free flow of blood is reestablished. The wire should then be reintroduced. Often, depressing the needle hub (making it more parallel to the vein) and using gentle traction result in a better intraluminal position for the needle tip and facilitate passage of the wire. If the wire still cannot be passed easily, the needle should be withdrawn, and the area should be held for approximately 5 minutes. After hemostasis is achieved, a fresh attempt may be made. Once the wire is comfortably in the vein, the needle can be removed and pressure can be applied above the puncture site with the third, fourth, and fifth fingers of the operator's right hand while his thumb and index finger control the wire. The appropriate-sized dilator and sheath combination is slipped over the wire; and, with approximately 1 cm of wire protruding from the distal end of the dilator, the entire unit is passed with a twisting motion into the femoral vein. The wire and dilator are removed, and the sheath is ready for introduction of the catheter. We often insert two sheaths into one or both femoral veins. The insertion of the second sheath is facilitated by the use of the first as a guide. The Cournand needle or Cook needle should puncture the vein approximately 1 cm cephalad or caudal to the initial site. At least one of the sheaths should have a side arm for delivery of medications into a central vein. Frequently, we use a sheath with a side arm in each femoral vein for administration of drugs and removal of blood samples for plasma levels. Recently sheaths through which multiple catheters can pass have become available. Many are so large that multiple sticks are preferable from a hemostasis standpoint. Newer, 8 French, multicatheter sheaths will be more widely used as 3-4 French catheters become available. Heparinization is used in all studies that are expected to last more than 1 hour. During venous studies, a bolus of 2500 U of heparin is administered followed by 1000 U/h; and for arterial sticks and direct left atrial access via transseptal puncture a bolus of 5000 U of heparin is used followed by 1000 U/h. The activated clotting time is checked every 15–30 minutes and is maintained at ³ 250 seconds. Inadvertent Puncture of the Femoral Artery Directing the needle too laterally (especially at the groin crease, where the artery and vein lie very close together) may result in puncture of the femoral artery. This complication may be handled in several ways: ( 1) The needle may be withdrawn and pressure put on the site for a minimum of 5 minutes before venous puncture is reattempted. (Closure of the puncture is important because persistent arterial oozing in a subsequent successful venous puncture can lead to the formation of a chronic arteriovenous fistula.) ( 2) The short guide wire may be passed into the artery and then replaced with an 18-gauge, thin-walled 6-inch Teflon catheter, which can be used to monitor systemic arterial pressure continuously, a procedure that may be desirable in a patient with organic heart disease. ( 3) Or a dilator-sheath assembly may be introduced as if it were the femoral vein, and a catheter may be then passed retrogradely for recording in the aortic root, left ventricle, or left atrium. When there is a doubt, option No. 2 is preferred because the small Teflon catheter is the least traumatic and it can be easily removed or replaced by a guide wire and dilator-sheath assembly should the need arise. Upper Extremity Approach Catheter insertion from the upper extremity is useful if (a) one or both femoral veins or arteries are inaccessible or unsuitable, (b) many catheters are to be inserted, or (c) catheter passage will be facilitated (e.g., to the coronary sinus). The percutaneous technique is identical to that used for the femoral vein. A tourniquet is applied, and ample-sized superficial veins that course medially are identified for use. Lateral veins are avoided because they tend to join the cephalic vein system, which enters the axillary vein at a right angle that perhaps could not be negotiated with the catheter. However, lateral veins can be used successfully in approximately 50% to 75% of patients. If a superficial vein cannot be identified or entered percutaneously, a standard venous cut down can be used. The median basilic vein is generally superficial to the brachial artery pulsation, and the brachial vein lies deep in the vascular sheath alongside the artery. Percutaneous brachial artery puncture or brachial artery cut down are rarely used, but may be helpful when left ventricular access is required and the patient has significant abdominal aortic or femoral disease-limiting access. While transseptal catheterization is an alternative option, it may be impossible in the presence of a mechanical mitral valve. Some investigators prefer the subclavian or jugular approach, but I believe the arm approach is safer. Inadvertent pneumothorax or carotid artery puncture are known complications of subclavian jugular approaches, respectively. Use of left subclavian or brachial vein should be avoided if pacemaker or ICD implantation is being considered. The choice depends on the skill and experience of the operator. The order in which specific catheters are inserted is usually not crucially important. In a patient with left bundle branch block, the first catheter inserted should be passed quickly to the right ventricular apex for pacing because manipulation in the region of the A–V junction can precipitate traumatic right bundle branch block and thus complete heart block. Right Atrium The right atrium can be easily entered from any venous site, although maintenance of good endocardial contact may be difficult when the catheter is passed from the left arm. The most common site for stimulation and recording is the high posterolateral wall at the junction of the superior vena cava (SVC) in the region of the sinus node or in the right atrial appendage. If one is primarily interested in assessing the intra-aerial conduction times during sinus rhythm, the SVC-atrial junction is the site depolarized earliest in approximately 50% of patients; in the other 50% of patients, the mid-posterolateral right atrium (some 2 to 3 cm inferior to this site) is depolarized somewhat earlier (11). Other identifiable and reproducible sites in the right atrium are the inferior vena cava (IVC) at the right atrial junction, the os of the coronary sinus, the atrial septum at the limbus of the fossa ovalis, the atrial appendage, and the A–V junction at the tricuspid valve. Further detailed mapping is difficult and less reproducible for single point mapping the absence of a localizing system (Biosense, Webster). Multipolar catheters or “basket” catheters may provide



simultaneous data acquisition from multiple sites. However, the anatomic localization of these sites is variable from patient to patient. Left Atrium Left atrial recording and stimulation are more difficult. The left atrium may be approached directly across the atrial septum through an atrial septal defect or patent foramen ovale or, in patients without those natural routes, by transseptal needle puncture ( 12). All these routes are best approached from the right femoral vein. The left atrium may also be approached directly by retrograde catheterization from the left ventricle across the mitral valve ( 13). Direct left atrial approaches are mandatory for ablation of left atrial or pulmonary vein foci or isolation of the pulmonary veins (see Chap. 14). Most often, however, for routine diagnostic purposes the left atrium is approached indirectly by recording from the coronary sinus. This is most easily accomplished from the left arm because the valve of the coronary sinus, which may cover the os, is oriented anterosuperiorly, and a direct approach from the leg is somewhat more difficult. Nevertheless, we canulate the coronary sinus with a standard woven Dacron decapolar catheter from the femoral approach nearly 90% of the time. Any difficulty may at times be circumvented by formation of a loop in the atrium or by using steerable catheters. Steerable catheters cost 50% to 100% more than the woven Dacron catheter, so we use it only if the woven Dacron catheter cannot be positioned in the coronary sinus. The os of the coronary sinus lies posteriorly, and its intubation may be confirmed by (a) advancement of the catheter to the left heart border, where it will curve toward the left shoulder in the left anterior oblique (LAO) position; (b) posterior position in the right anterior oblique (RAO) or lateral view, which can be seen as posterior to the A–V sulcus, which usually is visualized as a translucent area; (c) recording simultaneous atrial and ventricular electrograms with the atrial electrogram in the later part of the P wave; and (d) withdrawal of very desaturated blood (less than 30% saturated) through a luminal catheter. Potentials from the anterior left atrium may be recorded from a catheter in the main pulmonary artery ( 14), and potentials from the posterior left atrium may be recorded from the esophagus (15). Left atrial pacing, however, is often impractical or impossible from these sites because of the high currents required. Nonetheless, transesophageal pacing has been used, particularly in the pediatric population, in the past to assess antiarrhythmic efficacy in patients with the Wolff-Parkinson-White syndrome (see Chap. 10). Right Ventricle All sites in the right ventricle are accessible from any venous site. The apex is the most easily identified and reproducible anatomic site for stimulation and recording. The entire right side of the intraventricular septum is readily accessible from outflow tract to apex. However, basal sites near the tricuspid ring (inflow tract) and the anterior free wall are accessible but are more difficult to obtain. Deflectable tip catheters, with or without guiding sheaths, may be useful in this instance. Left Ventricle Direct catheterization of the left ventricle has not been a routine part of most electrophysiologic studies because either the retrograde arterial approach or transseptal approach is required. However, complete evaluation of patients with preexcitation syndromes, and particularly recurrent ventricular arrhythmias, often requires access to the left ventricle for both stimulation and recording. This is particularly important for understanding the pathophysiology and ablation of ventricular tachycardia. Obviously, mapping the site of origin or critical components of a reentrant circuit of the tachycardia or determining whether an anatomic substrate for ventricular arrhythmias is present requires access to the entire left ventricle. We have not hesitated to use the femoral or even brachial approach when indicated. A transseptal approach may be necessary if there is no arterial access due to peripheral vascular disease, amputation, etc. Some prefer this approach for left-sided accessory pathways. The transseptal approach may be useful for ventricular tachycardias rising on the septum, but it is more difficult to maneuver to other left ventricular sites than when the retrograde arterial approach is used. As noted previously, systemic heparinization is mandatory during this procedure. Mapping has become routine in evaluating ventricular tachycardias in humans, especially those associated with coronary artery disease. A schema of the mapping sites of both the left and right ventricle is shown in Figure 1-10. The entire left ventricle is readily approachable with the retrograde arterial approach while the transseptal approach is particularly good for left ventricular septal tachycardias.



FIG. 1-10. Schema of left ventricular endocardium. The left ventricle is opened showing the septum ( 2, 3, 4), anterolateral free wall ( 7, 9, 11), superior and postero basal wall (10, 12) and inferior surface ( 5, 6, 1, 8). Site 1 is the apex.



Multiple plane fluoroscopy is mandatory to ensure accurate knowledge of the catheter position. Electroanatomic mapping with the Biosense Carto system provides the ability to accurately localize catheter position in three dimensions without fluoroscopy. This allows one to return to areas of interest. The system also provides activation and voltage analysis, making it ideal for ablation of stable rhythms. A similar localizing system, which can be used with multiple catheters, but which has only localizing (no activation maps), is also available (LocaLisa, Medtronic, Inc.). Regardless of the navigating system one uses, we believe that the activation time should be assessed using bipolar electrograms with £ 5 mm interelectrode distance, in which the tip electrode, which is the only one guaranteed to be in contact with the ventricular myocardium, is included as one of the bipolar pair. Unipolar unfiltered recordings, which may provide important information regarding direction of activation, are less useful in mapping hearts scarred by infarction because often no rapid intrinsicoid deflection is seen. However, filtered unipolar signals allow one to assess whether the tip or second pole is responsible for the early components of the bipolar electrogram. Unipolar unfiltered recordings are useful in normal hearts or in evaluating atrial and ventricular electrograms in the Wolff-Parkinson-White syndrome. Recordings from proximal electrodes of a quadripolar catheter do not provide reliable information in general because the electrodes are not in contact with the muscle. They can, at best, be used as an indirect measure of the distal electrodes during entrainment mapping of ventricular tachycardia (see Chap. 11 and Chap. 14). In the left ventricle, electrograms may be recorded from Purkinje fibers, particularly along the septum. As noted above, the left ventricle may also be entered and mapped through the mitral valve in patients in whom the left atrium is catheterized across the atrial septal either via a patent foramen ovale, atrial septal defect, or transseptal puncture. As previously stated, mapping the entire left ventricle through the mitral valve is more difficult than through the retrograde arterial approach, but it can be done by an experienced catheterizer. The epicardial inferoposterior left ventricular wall can also be indirectly recorded from a catheter in the coronary sinus or the catheter in the great cardiac vein directed inferiorly along the middle cardiac vein. Recently, very small (2–3 French) catheters have been developed to probe the branches of the coronary sinus. While diagnosis and ablation of epicardial via the coronary venous system have merit, the value of this approach for epicardial ventricular tachycardias is limited by the inability to record from all regions. Recently, direct epicardial mapping via the pericardium has been suggested as a method to localize and ablate “epicardial” ventricular tachycardias (see Chap. 11 and Chap. 14) (16). Catheterization of the left ventricle is also important to determine the activation patterns of the ventricle. In a normal person, two or three left ventricular breakthrough sites can be observed. These are the midseptal, the junction of the midseptum and inferior wall, and a superior wall site (see Chap. 2). Stimulation of the left ventricle is often necessary for induction of tachycardias not inducible from the right side, and determination of dispersion of refractoriness and recovery times requires left ventricular mapping and stimulation. These will be discussed further in Chap. 2. His Bundle Electrogram The recording of a stable His bundle electrogram is best accomplished by the passage of a size 6 or size 7 French tripolar or quadripolar catheter from a femoral vein; however, almost any electrode catheter can be used. Tightly spaced octapolar or decapolar catheters are often used if activation of the triangle of Koch is being



analyzed (see Chap. 8). The catheter is passed into the right atrium and across the tricuspid valve until it is clearly in the right ventricle. The catheter is then withdrawn across the tricuspid orifice with fluoroscopic monitoring. A slight clockwise torque helps to keep the electrodes in contact with the septum until a His bundle potential is recorded. It is often advantageous to attempt to record the His bundle potential between several lead pairs during this maneuver (e.g., using a quadripolar catheter—the distal and second pole, the second and third pole, and the third and fourth pole as individual pairs). Initially, a large ventricular potential can be observed, and as the catheter is withdrawn, a narrow spike representing a right bundle branch potential may appear just before (less than 30 msec before) the ventricular electrogram. When the catheter is further withdrawn, an atrial potential appears and becomes larger. Where atrial and ventricular potentials are approximately equal in size, a biphasic or triphasic deflection appears between them, representing the His bundle electrogram ( Fig. 1-11). The most proximal pair of electrodes displaying the His bundle electrograms should be chosen; it cannot be overemphasized that a large atrial electrogram should accompany the recording of the proximal His bundle potential. The initial portion of the His bundle originates in the membranous atrial septum, and recordings that do not display a prominent atrial electrogram may be recording more distal His bundle or bundle branch potentials and therefore miss important intra-His bundle disease. The use of a standard Bard Electrophysiology Josephson quadripolar multipolar catheter for His bundle recording allows recording of three simultaneous bipolar pairs that can help evaluate intra-His conduction ( Fig. 1-12). Distal and proximal His potentials can often be recorded and intra-His conduction evaluated. A 2-mm decapolar catheter can occasionally be used to record from the proximal His bundle to the right bundle branch. (This point and methods of validating the His bundle electrogram are discussed further in Chap. 2.) Should the first pass prove unsuccessful in locating a His bundle potential, the catheter should be passed again to the right ventricle and withdrawn with a slightly different rotation so as to explore a different portion of the tricuspid ring. The orientation of the tricuspid ring may not be normal (i.e., perpendicular to the frontal plane) in some patients, especially those with congenital heart disease, and more prolonged exploration may be required. If after several attempts a His bundle electrogram cannot be obtained, the catheter should be withdrawn and reshaped, or it should be exchanged for a catheter with a deflectable tip. Once the catheter is in place, stable recording can usually be obtained for several hours with no further manipulation. Occasionally, continued torque on the catheter shaft is required to obtain a stable recording. This can be accomplished by making a loop in the catheter shaft remaining outside the body, torquing it as necessary, and placing one or two towels on it to hold it; it is rarely necessary for the operator to hold the catheter continuously during the procedure. When the approach just described is used, satisfactory tracing can be obtained in less than 10 minutes in more than 95% of patients.



FIG. 1-11. Method of recording the His bundle electrogram. The ECG lead Vl and the electrogram recorded from the catheter used for His bundle recording (HBE) are displayed with roentgenograms to demonstrate how the catheter should be positioned for optimal recording. The catheter is slowly withdrawn from ventricle to atrium in panels A to D. H d = distal His bundle potential; H p = proximal His bundle potential; RB = right bundle branch potential; V = ventricle. See text for explanation.



FIG. 1-12. Use of quadripolar catheter to study intra-His conduction. The quadripolar catheter allows for recording three bipolar signals (distal, mid, and proximal) from which His bundle electrograms can be recorded. Marked intra-His delays (H-H' = 75 msec) can be recognized using these catheters. A = atrium; HBE = His bundle electrogram; HRA = high right atrium.



Both the upper extremity approach and the retrograde arterial approach can be used for recording the His bundle electrogram when the femoral vein cannot be used. The femoral veins should be avoided in the presence of (a) known or suspected femoral vein or inferior vena cava interruption or thrombosis, (b) active lower extremity thrombophlebitis or postphlebitic syndrome, (c) infection in the groin, (d) bilateral lower extremity amputation, (e) severe peripheral vascular diseases when the landmark of the femoral artery is not readily palpable, or (f) extreme obesity. The natural course of a catheter passed from the upper extremity generally does not permit the recording of a His bundle electrogram, because the catheter does not lie across the superior margin of the tricuspid annulus. Two techniques are available to overcome this difficulty. One technique involves the use of a deflectable catheter with a torque control knob that allows the distal tip to be altered from a straight to a J-shaped configuration once it has been passed to the heart. The tip is then “hooked” across the tricuspid annulus to obtain a His bundle recording. The second technique and its variations are performed with a standard electrode catheter (Fig. 1-13). Rather than the catheter's being passed with the tip leading, a wide loop is formed in the right atrium with a “figure-of-6,” with the catheter tip pointing toward the lateral right atrial wall. The catheter is then gently withdrawn so that the loop opens in the right ventricle with the tip resting in a position to record the His bundle electrogram. Recordings obtained in this fashion are comparable to those obtained by the standard femoral route ( Fig. 1-14). As an alternative to any venous route, the His bundle electrogram may be recorded by a retrograde arterial catheter passed through the noncoronary (posterior) sinus of Valsalva, just above the aortic valve or just below the valve along the intraventricular septum ( Fig. 1-15).



FIG. 1-13. Upper extremity approach for recording His bundle electrograms. Schematic drawing in anteroposterior view. The catheter is looped in the right atrium (RA), with the tip directed at the lateral wall, A, and then gently withdrawn, B. The dotted circle represents tricuspid minutes. IVC = inferior vena cava; SVC = superior vena cava.



FIG. 1-14. Simultaneous recording of the His bundle electrogram from catheters advanced from the upper and lower extremities. From top to bottom: standard leads 2 and Vl , a high right atrial (HRA) electrogram; His bundle electrograms (HBE) obtained from the arm by the figure-of-6 technique and from the leg by the standard femoral technique, right ventricular-potential, and time lines at 10 and 100 msec. Note that the electrograms obtained from the His bundle catheters placed from the upper and lower extremities are nearly identical.



FIG. 1-15. Standard venous and retrograde left-heart catheter positioning for recording His bundle electrograms. Intracardiac recordings of a His bundle recorded from the right (R HIS d,2) simultaneously with a left-sided recording (L HIS d,2) via the standard femoral technique and the retrograde arterial technique from just under the aortic valve.



RISKS AND COMPLICATIONS In electrophysiologic studies, even the most sophisticated ones requiring the use of multiple catheters, left ventricular mapping and cardioversion should be associated with a low morbidity. We have performed approximately 12,000 procedures in our electrophysiology laboratories with a single death and with an overall complication rate of less than 2%. Complications that may arise from the catheterization procedure itself or from the consequences of electrical stimulation are discussed in the following sections. In general, the complication rates are higher in elderly patients and those undergoing catheter ablation than in patients less than 20 years old undergoing diagnostic procedures alone. Complications in diagnostic studies were approximately 1% and in ablation studies were approximately 2.5%. The increased complications of procedures in which RF ablation has been part of the procedure are consistent with recent observations in the United States and abroad (17,18,19,20 and 21). Significant Hemorrhage Significant hemorrhage is occasionally seen, particularly, hemorrhage from the femoral site. The danger of hemorrhage is greater when the femoral artery is used, particularly in the obese patient. The danger can be minimized by (a) maintaining firm manual pressure on puncture sites for 10 to 20 minutes after the catheters are withdrawn; (b) having the patient rest in bed with minimal motion of the legs for 12 to 24 hours after the study; (c) having a 5-pound sandbag placed on the affected femoral region for approximately 4 hours after manual compression is discontinued; and (d) careful nursing observation of the patient after the study. Thromboembolism In situ thrombosis at the catheter entry sites or thromboembolism from the catheter is a possibility. We have seen that complication in .05% of 12,000 consecutive patients studied. We do, as noted previously, however, recommend systemic heparinization for all procedures, particularly those in which a catheter is used in left-sided studies and in right-sided studies of very long duration, especially in a patient with a history of or high risk for thromboembolism. Phlebitis Significant deep vein phlebitis, either sterile or septic, has not been a serious problem in our practice (it has occurred in .03% of 12,000). We do not routinely use antibiotics prophylactically, although in certain selected patients (e.g., those with prosthetic heart valves) such treatment may be reasonable. Arrhythmias Arrhythmias induced during electrophysiologic stimulation are common; indeed, induction of spontaneous arrhythmias is often the purpose of the study. A wide variety of reentrant tachycardias may be induced by atrial and/or ventricular stimulation; these often can be terminated by stimulation as well. (The significance of these arrhythmias, especially in regard to ventricular stimulation, is discussed in subsequent chapters.) Atrial fibrillation is particularly common with the introduction of early atrial premature depolarizations or rapid atrial pacing, more commonly from the right atrium than the left atrium. It is usually transient, lasting a few seconds to several minutes. If the fibrillation is well tolerated hemodynamically, no active therapy need be undertaken; the catheter may be left in place and the study continued when the patient's sinus rhythm has returned to normal. However, if the arrhythmia is poorly tolerated, especially if the ventricular response is very rapid (as it sometimes is in patients with A–V bypass tracts), IV pharmacologic therapy with a Class III agent (ibutilide or dofetilide) or electrical cardioversion is mandatory. The risk of ventricular fibrillation can be minimized by stimulating the ventricle at twice the threshold using pulse widths of £ 2 ms. A functioning defibrillator is absolutely mandatory. We also have a switch box that allows defibrillation between RV electrode and disposable pad on the chest wall. This can be lifesaving when external DC shocks fail. Such junction boxes are now commercially available. Complications of Left Ventricular Studies Left ventricular studies have additional complications, including strokes, systemic emboli, and protamine reactions during reversal of heparinization. These are standard complications of any left heart catheterization. Loss of pulse and arterial fistulas may also occur, but with care and attention, the total complication rate should be less than 1%. DiMarco et al. ( 17) have published their complications in 1062 cardiac electrophysiologic procedures. No death occurred in their series due to intravascular catheterization, including thromboembolism, local or systemic infections, and pneumothorax. All their patients recovered without long-term sequelae. Tamponade Perforation of the ventricle or atrium resulting in tamponade is a possibility and has occurred clinically in 10 patients (.08%). All required pericardiocentesis; one



required an intraoperative repair of a torn coronary sinus. The right ventricle is more likely to perforate than the left ventricle because it is thinner. Perforation of the atrium or coronary sinus is more likely to occur as the result of ablation procedures in these structures for atrial arrhythmias and bypass tracts (see Chap. 14). Perforation with or without tamponade is more frequent during procedures involving ablation (approximately .05%). The safety of electrophysiological studies has been confirmed in other laboratories and in published reviews of this type ( 16,17).



ARTIFACTS Otherwise ideal recordings can be rendered less than ideal—or at least difficult to interpret—by artifacts. Sixty-cycle interference from line currents should be eliminated by proper grounding of equipment and by shielding and suspension of wires and cables. Turning off fluoroscopic equipment (including the x-ray generator) once the catheters are in place may further improve the tracings. Use of notch filters can rid the signal of 60-cycle interference but will alter the electrogram size and shape. Likewise, firm contact of standard ECG leads (which should be applied after the skin is slightly abraded) is imperative. Tremor in the patient can be dealt with by reassurance and by maintaining a quiet, warm laboratory; when necessary, small doses of an intravenous benzodiazepam may be necessary. Occasionally, the recording of extraneous electrical events, especially repolarization, can confound the interpretation of some tracings ( Fig. 1-16).



FIG. 1-16. Repolarization artifacts. From top to bottom: standard leads 1, 2, and V l, high right atrial, His bundle, and right ventricular electrograms, and time lines at 10 msec and 100 msec. In the His bundle electrogram tracing, the sharp spike that occurs in the middle of electrical diastole could lead to confusion. It probably represents local repolarization (T-wave) activity or motion artifact.
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The electrophysiologic study should consist of a systematic analysis of dysrhythmias by recording and measuring a variety of electrophysiologic events with the patient in the basal state and by evaluating the patient's response to programmed electrical stimulation. To perform and interpret the study correctly, one must understand certain concepts and methods, including the measurement of atrioventricular (A–V) conduction intervals, activation mapping, and response to programmed electrical stimulation. Knowledge of the significance of the various responses, particularly to aggressive stimulation protocols, is mandatory before employing such responses to make clinical judgments. Although each electrophysiologic study should be tailored to answer a specific question for the individual patient, understanding the spontaneous electrophysiologic events and responses to programmed stimulation is necessary to make sound conclusions.



MEASUREMENT OF CONDUCTION INTERVALS The accuracy of measuring an intracardiac interval is related to the computer screen or paper speed at which the recordings are made. The range of speeds generally used is 100 to 400 mm/sec. The accuracy of measurements made at 100 mm/sec is approximately ±5 msec, and the accuracy of measurements made at 400 mm/sec is increased to ±1 msec. To evaluate sinus node function, for which one is dealing with larger intervals (i.e., hundreds of milliseconds), a paper speed of 100 mm/sec is adequate. Routine refractory period studies require slightly faster speeds (150 to 200 mm/sec), especially if the effects of pharmacologic and/or physiologic maneuvers are being evaluated. For detailed mapping of endocardial activation, paper speeds of ³200 mm/sec or more should be used. His Bundle Electrogram The His bundle electrogram is the most widely used intracardiac recording to assess A–V conduction because more than 90% of A–V conduction defects can be defined within the His bundle electrogram ( 1,2,3,4,5 and 6). Before measuring the conduction intervals, however, one must validate the His bundle deflection because all measurements are based on the premise that depolarization of the His bundle is being recorded. As noted in Chapter 1, using a 5–10 mm bipolar recording, the His bundle deflection appears as a rapid biphasic or triphasic spike, 15 to 25 msec in duration, interposed between local atrial and ventricular electrograms. To evaluate intra-His bundle conduction delays, one must be sure that the spike represents activation of the most proximal His bundle and not the distal His bundle or the right bundle branch potential. Validation of the His bundle potential can be accomplished by several methods. Assessment of “H”–V Interval The interval from the apparent His bundle deflection to the onset of ventricular depolarization should be no less than 35 msec in adults. Intraoperative measurements of the H–V interval have demonstrated that, in the absence of preexcitation, the time from depolarization of the proximal His bundle to the onset of ventricular depolarization ranges from 35 to 55 msec (7,8). Furthermore, the right bundle branch deflection invariably occurs 30 msec or less before ventricular activation. Thus, during sinus rhythm an apparent His deflection with an H–V interval of less than 30 msec either reflects recording of a bundle branch potential or the presence of preexcitation. Establishing Relationship of the His Bundle Deflection to Other Electrograms: Role of Catheter Position Because, anatomically, the proximal portion of the His bundle begins on the atrial side of the tricuspid valve, the most proximal His bundle deflection is that associated with the largest atrial electrogram. Thus, even if a large His bundle deflection is recorded in association with a small atrial electrogram, the catheter must be withdrawn to obtain a His bundle deflection associated with a larger atrial electrogram. This maneuver can on occasion markedly affect the measured H–V interval and can elucidate otherwise inapparent intra-His blocks ( Fig. 2-1) (9). Thus, when a multipolar (³3) electrode catheter is used, it is often helpful to simultaneously record from the proximal and distal pair of electrodes to ensure that the His bundle deflection present in the distal pair of electrodes is the most proximal His bundle deflection. Use of a quadripolar catheter with a 5 mm interelectrode distance has facilitated recording proximal and distal His deflections without catheter manipulation, enabling one to record 3 bipolar electrograms over a 1.5 cm distance. Use of more closely spaced electrodes (1–2 mm) does not add further information since a His potential can be recorded up to 8 mm from the tip. Occasionally a “His bundle” spike can be recorded more posteriorly in the triangle of Koch. Abnormal sites of His bundle recordings may be noted in congenital heart disease, i.e., septum primum atrial septal defect. Another method to validate a proximal His bundle deflection is to record pressure simultaneously with a luminal electrode catheter. The proximal His bundle deflection is the His bundle electrogram recorded with simultaneous atrial pressure. Atrial pacing may be necessary to distinguish a true His deflection from a multicomponent atrial electrogram. If the deflection is a true His deflection, the A–H should increase as the paced atrial rate increases (see Atrial Pacing).



FIG. 2-1. Validation of the His bundle potential by catheter withdrawal. The panel on the left is recorded with the catheter in a distal position, that is, with the tip in the right ventricle. A small atrial electrogram and an apparently sharp His bundle deflection with an H–V interval of 40 msec are seen. However, when the catheter is withdrawn to a more proximal position (right panel) so that a large atrial electrogram is present, a His bundle deflection with an H–V of 100 msec is present. Had the distal recording been accepted at face value, a clinically important conduction defect would have been overlooked. Complete intra-His block subsequently developed.



1, aVF, and V 1 are ECG lead. HBE = His bundle electrogram; HRA = high-right atrium; RV = right ventricle.



Simultaneous Left-Sided and Right-Sided Recordings As noted in Chapter 1, a His bundle deflection can be recorded in the aorta from the noncoronary cusp or from just inside the ventricle under the aortic valve. Because these sites are at the level of the central fibrous body, the proximal penetrating portion of the His bundle is recorded and can be used to time the His bundle deflection recorded via the standard venous route. Simultaneous left-sided and right-sided depolarization is being recorded. An example of this technique is demonstrated in Figure 2-2, in which the standard His bundle deflection by the venous route is recorded simultaneously with the His bundle deflection obtained from the noncoronary cusp in the left-sided His bundle recording. Advancement of the left-sided catheter into the left ventricle often results in the recording of a left bundle branch potential; therefore, care must be exercised in using a left-sided potential for timing. Thus, recording from the noncoronary cusp is preferred because only a true His bundle deflection can be recorded from this site. Because the left and right bundle branches are depolarized virtually simultaneously ( 10), the left bundle branch potential can be used to distinguish a true His bundle potential from a right bundle branch potential; earlier inscription of the venous His bundle deflection suggests that it is a valid His bundle potential.



FIG. 2-2. Validation of the His bundle potential by simultaneous right- and left-sided recordings. ECG leads 1, aVF and V 1 are displayed with right-sided (RHBE) and left-sided (LHBE—from the aorta in the noncoronary cusp) His bundle electrograms and an electrogram from the right ventricular apex (RVA). The H–V intervals are identical.



His Bundle Pacing The ability to pace the His bundle through the recording electrodes and obtain (a) QRS and T waves identical to those during sinus rhythm in multiple leads and (b) a stimulus-to-V interval identical to the H–V interval measured during sinus rhythm perhaps provides the strongest criteria validating the His bundle potential (11,12,13,14 and 15). Although the stimulus-to-V criterion is frequently met, multiple- surface ECG lead recordings are needed to ensure that no changes in the QRS or T waves appear during His bundle pacing. Sometimes simultaneous atrial pacing can distort the QRS, making it difficult to ensure true His bundle pacing. Although continuous His bundle pacing is difficult, the demonstration of His bundle pacing for two or three consecutive beats may suffice for validation ( Fig. 2-3). Occasionally, one can pace the His reliably over a wide range of cycle lengths ( Fig. 2-4). This allows one to obtain a 12-lead ECG to ensure His bundle pacing.



FIG. 2-3. Validation of the His bundle potential by His bundle pacing. The first three complexes are the result of His bundle pacing at a cycle length of 400 msec. The QRS complexes during pacing are identical to the sinus beats and the stimulus-to-V (S–V) interval equals the H–V interval.



FIG. 2-4. His bundle pacing at multiple cycle lengths. All panels are arranged from top to bottom as leads 1, 2, V 1, high-right atrium (HRA), coronary sinus (CS), His bundle electrogram (HBE), and right ventricular (RV) electrograms. Atrial fibrillation and complete A–V block are present in the top panel. The QRS is normal, and the H–V interval is 55 msec His bundle pacing performed at cycle lengths of 700, 600, 500, and 400 msec. The stimulus-to-V interval remains constant at 55 msec, and the QRS remains identical to that during A–V block. CL = cycle length.



The major criticism of this technique is the inconsistency with which His bundle pacing can be accomplished, especially at low current output (mA) ( 16,17 and 18). Higher milliamperes may result in nonselective His bundle pacing, particularly if a catheter with an interelectrode distance of 1 cm is used. In experienced hands, however, His bundle pacing can usually be accomplished safely at relatively low mA (i.e., 1.5 to 4 mA). The use of more closely spaced electrodes and the reversal of current polarity, i.e., anodal stimulation, may facilitate the pacing of the His bundle ( 19). Because intraoperative pacing of the distal His bundle usually results in ventricular pacing (in 94% of patients) over a wide range of milliamperes, one might record a true His bundle (distal) deflection but be incapable of selectively pacing the His bundle. His bundle pacing can frequently be performed from the proximal His bundle. Pacing from that site provides the strongest evidence that a true His bundle deflection has been recorded. The failure to selectively pace a His bundle, however, does not necessarily imply that the deflection recorded is a bundle branch potential.



In summary, measurement of conduction intervals within the His bundle electrogram requires validation that the proximal His bundle is being recorded because the proximal His bundle is the fulcrum of the A–V conduction system. The extent to which one attempts to validate the His bundle potential in a given patient depends on one's experience, but some form of validation is imperative. A–H Interval The A–H interval represents conduction time from the low right atrium at the interatrial septum through the A–V node to the His bundle. Thus, the A–H interval is at best only an approximation of A–V nodal conduction time. The measurement should therefore be taken from the earliest reproducible rapid deflection of the atrial electrogram in the His bundle recording to the onset of the His deflection (defined by the earliest deflection from baseline ( Fig. 2-5). Because the exact point in time within the atrial electrogram when the impulse encounters the A–V node is not known, the most important criterion for measurement is reproducibility. One must make these measurements at the same gain because the first visible rapid deflection of the atrial electrogram may differ, depending on the gain. Furthermore, the A–H interval can be markedly affected by the patient's autonomic state. The interval may vary 20 to 50 msec during a single study merely because of a change in the patient's sympathetic and/or parasympathetic tone ( 20). Thus, it is important to realize that one should not consider that the absolute value of the A–H interval represents a definitive assessment of A–V nodal function; extranodal influences may make an A–H interval short (when sympathetic tone is enhanced) or long (when vagal tone is enhanced) in the absence of any abnormality of A–V nodal function. Moreover, some investigators have demon-strated that the A–H interval may vary according to the site of the atrial pacemaker ( 21,22). This is commonly observed when atrial activation is initiated in the left atrium or near the os of the coronary sinus. In both instances, the impulses may either enter the A–V node at a different site that bypasses part of the A–V node, or they may just enter the A–V node earlier with respect to the atrial deflection in the His bundle electrogram. Both mechanisms can give rise to a “shorter” A–H interval than during sinus rhythm but one could not tell whether A–V nodal conduction was the same or shorter than that during sinus rhythm by this single measurement. Normal values for A–H intervals in adults during sinus rhythm range from 45 to 140 msec (Table 2-1) (1,2,3,4,5 and 6,9,14,18,23,24,25,26,27 and 28); the values in children are lower ( 7,8,29). Variations in reported normal intervals are due to differences in (a) the method of measurement and/or (b) the basal state of the patient at the time of the electrophysiologic study. The response of the A–H interval to pacing or drugs (e.g., atropine) often provides more meaningful information about the functional state of the A–V node than an isolated measurement of the A–H interval. Autonomic blockade with atropine (0.04 mg/kg) and propranolol (0.02 mg/kg) can be used to give a better idea of A–V nodal function in the absence of autonomic influences. Not enough data, however, are available to define normal responses under these circumstances. Even in the presence of autonomic blockade the varying site of origin of the “sinus” impulse in different patients would limit the definition of normal values.



FIG. 2-5. Method of measurement in the His bundle electrogram. The vertical black lines mark the onset of the P wave and earliest ventricular activation in the surface ECG or intracardiac records. The open arrows show the site of measurement of the onset of the low atrial and His bundle electrograms. See text for discussion. CS = coronary sinus.



TABLE 2-1. Normal Conduction Intervals in Adults



H–V Interval The H–V interval represents conduction time from the proximal His bundle to the ventricular myocardium. The measurement of the interval is taken from the beginning of the His bundle deflection (the earliest deflection from baseline) to the earliest onset of ventricular activation recorded from multiple-surface ECG leads or the ventricular electrogram in the His bundle recording ( Fig. 2-5). Reported normal values in adults range from 25 to 55 msec ( Table 2-1); they are shorter in children (7,8). Unlike the A–H interval, the H–V interval is not significantly affected by variations in autonomic tone. The H–V interval remains constant throughout any given study, and it is reproducible during subsequent studies in the absence of pharmacologic or physiologic interventions. The stability of H–V measurements provides the basis for prospective longitudinal studies in conduction system disease. The discrepancies in normal values reported from various laboratories may be due to the following: 1. His bundle validation was not always performed, resulting in the inclusion of inappropriately short H–V intervals in the range of normal. Thus, reported normal intervals in adults of 30 msec or less (and in my opinion, less than 35 msec) probably represent recordings from a right bundle branch or a distal His bundle potential. This view is supported by direct intraoperative recordings ( 7,8). 2. The peak or first high-frequency component of the His bundle deflection was taken as the onset of His bundle depolarization. Since the width of the His bundle potential has been demonstrated to correlate with intra-His conduction time ( 30), the onset of His bundle activation should be taken as the initial movement, slow or fast, from baseline. Exclusion of initial low amplitude and/or slow components in H–V measurements may yield a short H–V interval. This is of particular importance in the presence of intra-His conduction defects, when improper measurements can result in the failure to identify a clinically significant conduction disturbance. 3. Multiple ECG leads were not used in conjunction with the intracardiac ventricular electrogram in the His bundle tracing to delineate the earliest ventricular activity, and thus, falsely long H–V intervals were produced. This situation is most likely to occur when a single standard ECG lead is used to analyze earliest ventricular activation, as graphically demonstrated in Figure 2-5, in which the H–V interval shown would be falsely lengthened by 20 msec if the onset of ventricular activation were taken as the onset of the R wave in the lead 2 surface electrogram. If only one ECG channel is available, a V 1 or V2 lead should be used because the earliest ventricular activity is usually recorded in one of these leads in the presence of a narrow QRS ( 31). Data from our laboratory have shown that ventricular activation can, and often does, occur before the onset of the QRS. This is particularly true when infarction of the septum and/or intraventricular conduction defects are present. Thus, even if V 1 is used, the H–V interval can be falsely long ( Fig. 2-6). New values for normal are probably not necessary, but the significance of a long H–V must be interpreted in light of these findings (see Chap. 4).



FIG. 2-6. Presystolic electrogram at the left ventricular septum. Leads 1, aVF, and V1 are shown with electrograms from the right ventricular apex (RVA) and left ventricular (LV) midseptum. An electrogram recorded at the midleft ventricular septum precedes the onset of the QRS by 20 msec. The recognition that presystolic activity exists may play a role in determining the risk of A–V block in patients with conduction disturbances (see Chap. 5).



Intra-atrial Conduction The normal sequence of atrial activation and intra-atrial conduction times has not been extensively studied. Many investigators have used the P–A interval (from the onset of the P wave to the onset of atrial activation in the His bundle electrogram) as a measure of intra-atrial conduction ( Table 2-1) (1,2,3,4,5 and 6,9,14,18,23,24,25,26,27 and 28). Several factors, however, render the P–A interval an unsuitable measure of intra-atrial conduction: 1. The onset of endocardial activation may precede the P wave ( Fig. 2-7) (32).



FIG. 2-7. Limitations of the P–A interval. Atrial activation as recorded in the high-right atrium (HRA) and His bundle electrograms (HBE) precedes the P wave by 40 msec and 30 msec, respectively, in this patient with dextroversion.



2. A more distal position of the His bundle catheter can result in a longer P–A interval ( 33). 3. There is no a priori reason that the P–A interval should be a measure of intra-atrial conduction. At best, the P–A interval may reflect intra-right-atrial conduction, but recent studies have demonstrated that even this assumption is not universally true ( 32). 4. The onset of atrial activation appears to vary depending on the rate. In sinus tachycardia, the P waves in the inferior leads appear more upright and the onset of atrial activation is most often recorded high in the right atrium. During relatively slow rates, 50 to 60, the P waves become flat in these leads and the earliest onset of atrial activation is often recorded at the midlateral atrial sites. To assess atrial conduction more accurately, we have used endocardial mapping of the atria in our laboratory for several years. Catheter recordings are obtained from the high and low right atrium at the junctions with the venae cavae, midlateral right atrium, A–V junction (in the His bundle electrogram), proximal, mid- and distal coronary sinus, and/or left atrium. The normal activation times at those sites are shown in Figure 2-8. Detailed mapping of the left atrium requires a transseptal approach or use of a patent foramen ovale. Although the retrograde approach can be used, it is far more difficult to reproducibly map the entire left atrium. Entry to the pulmonary veins by this approach is readily achievable. When mapping is performed, conduction times should be determined using the point at which the largest rapid deflection crosses the baseline or the peak of the largest deflection (both should be nearly the same in normal tissue). These measurements correlate to the intrinsicoid deflection of the local unipolar electrogram, which in turn has been shown to correlate with local conduction (phase 0) using simultaneously recorded microelectrodes (34). Since the peak may be “clipped” by the amplifier, the point at which the largest rapid deflection crosses the baseline is often used. I prefer to reduce the gain of the signal so that clipping is unnecessary. The peak and its crossing of the baseline are then easy to measure and are more accurate. This differs from the technique of measuring the onset of the His bundle deflection, in which the onset of depolarization of the entire His bundle rather than local activation is desired. Although close (1- to 2-mm) bipolar electrodes record local activity most discriminately, we have obtained comparable data using catheters with a standard (0.5- and/or 1-cm) interelectrode distance. How to measure activation times of a multicomponent atrial electrogram has not been established. In my opinion, all rapid deflections should be considered local activations. Such electrograms may be caused by a specific anatomic substrate producing nonuniform anisotropy leading to asynchronous activation in the region from which the electrogram is recorded (see Chap. 11). As such, fragmented electrograms are a manifestation of nonuniform anisotropy. A normal atrial endocardial map is shown in Figure 2-9.



FIG. 2-8. Atrial endocardial mapping sites and mean activation times in normal persons.



FIG. 2-9. Map of normal antegrade atrial activation. Activation times are determined by the first rapid deflection as it crosses the baseline ( arrows). The onset of the P wave is the reference. AVJ = atrioventricular junction; LRA = low-right atrium; MRA = midlateral right atrium.



Our data have shown that normal atrial activation can begin in either the high or the midlateral right atrium, spread from there to the low atrium and A–V junction, and then spread to the left atrium. As noted previously, in our experience, earlier activation of the high-right atrium is more likely to occur at faster rates (i.e., more than 100 beats per minute), and early activation of the midright atrium is more common at rates less than 60 beats per minute. The mechanism of these findings is uncertain. Two possibilities exist, which are (a) the right atrium has a multitude of pacemaker complexes, the dominance of which is determined by autonomic tone, or (b) these different activation patterns may reflect different routes of exit from a single sinus node. In one-third of patients whose P waves appeared normal on the surface ECG, the low-right atrium is activated slightly later than the atrium recorded at the A–V junction. Thus, the P–A interval is at best an indirect measure of right atrial conduction. Furthermore, the P–A interval also correlates poorly with P-wave duration in patients with ECG left atrial “enlargement” (LAE) ( 32,33,35). In patients with LAE, the P-to-coronary sinus activation time is prolonged with little change in right-sided activation (Chap. 4) (36). Activation of the left atrium is complicated. Three routes of intra-atrial conduction are possible: (a) superiorly through Bachman's bundle, (b) through the mid-atrial septum at the fossa ovalis, and (c) at the region of the central fibrous trigone at the apex of the triangle of Koch. The latter provides the most consistent amount of left atrial activation. Activation of the left atrium over Bachman's bundle can be observed in 50%–70% of patients. It can be demonstrated by distal (superior and lateral) coronary sinus activation preceding mid-coronary sinus activation but following proximal (os) coronary sinus activation ( Fig. 2-10). A detailed map of both atria is shown in Figure 2-11. Left-to-right atrial activation during distal coronary sinus pacing rarely appears to use Bachman's bundle but primarily crosses at the Fossa and low septum. I believe this is so because of the lack of early high-right atrial activation in response to such pacing.



FIG. 2-10. Evidence of multiple routes of left atrial activation. Leads 1, 2, 3, and V1 are shown with electrograms from the HRA, His bundle, and left atrium from the coronary sinus (CS). The distal CS is located anteriorly, CS3 is lateral, and CS os is ~1 cm inside the ostium of the CS. Note the CSd is activated earlier than the lateral CS, but the proximal CS is activated even earlier. This suggests left atrial activation occurs over both Bachman's bundle and the low atrial septum. See text for discussion.



FIG. 2-11. Right and left atrial activation using an electrical anatomic mapping system. Detailed activation of both atria using the Carto system is seen in the LAO view. Left atrial activation occurs superiorly and inferiorly. See text for discussion. (See Color Fig. 2-11.)



Information about the antegrade and retrograde atrial activation sequences is critical to the accurate diagnosis of supraventricular arrhythmias ( Chap. 8) (32,37,38,39 and 40). Normal retrograde activation proceeds over the A–V node. Early observations using His bundle, coronary sinus, and high-right atrial recordings using quadripolar catheters suggested that retrograde atrial activation in response to ventricular premature beats or His bundle rhythms normally begins at the A–V junction, with apparent simultaneous radial spread to the right and left atria ( 32,41). Thus, the earliest retrograde atrial depolarization is recorded in the His bundle electrogram, then in the adjacent right atrium and coronary sinus, and finally, in the high-right and left atria ( Fig. 2-12). Recently more detailed atrial mapping during ventricular pacing has demonstrated a complex pattern (see Chap. 8). Basically, at long-paced cycle lengths or coupling intervals atrial activation along a close spaced (2 mm) decapolar catheter recording a His deflection at the tip is earliest. Secondary breakthrough sites in the coronary sinus catheter and/or posterior triangle of Koch occur in ~50% of patients (Fig. 2-13). The early left-atrial breakthrough probably reflects activation over the left-atrial extension of the A–V node. At shorter coupling intervals, particularly during pacing induced Wenckebach cycles, retrograde activation changes and earliest activation is typically found at the posterior triangle of Koch, the os of the coronary sinus, or within the coronary sinus itself ( Fig. 2-14).



FIG. 2-12. Focal pattern of retrograde atrial activation. Retrograde atrial activation is recorded during ventricular pacing. Multiple recordings along the tendon of Todaro are made with a decapolar catheter (2 mm interelectrode distance), posterior triangle of Koch (SP), and left atrium via a decapolar catheter in the coronary sinus. Earliest activation is seen in the distal poles of the HBE with subsequent spread to the SP and CS. See text.



FIG. 2-13. Complex pattern of retrograde atrial activation in response to a ventricular premature depolarization. Retrograde atrial activation is recorded during ventricular pacing. Multiple recordings along the tendon of Todaro are made with a decapolar catheter (2 mm interelectrode distance), posterior triangle of Koch (SP), and left atrium via a decapolar catheter in the coronary sinus. Note early breakthroughs occur in the His bundle recording and a secondarily in the CS (or SP). See text.



FIG. 2-14. Change in retrograde atrial activation during ventricular pacing. Leads I, II and V1 are shown with electrograms from the high-right atrium (RA), proximal (p) and distal (d) HIS, and distal tricuspid annulus TA d (schematically show below), and RV. During ventricular pacing at 530 msec, earliest activation is at the HISp with TA d following almost simultaneously (5 msec). The third paced complex shows a more marked delay in activation at the HIS p than the TA d so that the TA d now precedes the HIS p by 30 msec.



Intraventricular Conduction Intracardiac analysis of intraventricular conduction has not been a routine procedure in most electrophysiologic laboratories. We, however, believe both right and left ventricular mapping are useful in analyzing intraventricular conduction defects, dispersion of ventricular activation and recovery of excitability, and localizing the site of origin of ventricular tachycardias. Specific areas in which left and/or right ventricular mapping has been particularly useful are (a) the finding of presystolic electrical activity on the left ventricular septum causing a “pseudo” H–V prolongation; (b) the finding of abnormal dispersion of activation and refractoriness in arrhythmogenic conditions; (c) to distinguish between proximal and distal right bundle branch block; (d) to distinguish left bundle branch block from left ventricular intraventricular conduction defects; (e) to define the site of origin of ventricular tachycardia; (f) to localize the ventricular site of preexcitation; and (g) to define a pathophysiologic substrate of arrhythmogenesis that may help to distinguish patients predisposed to lethal arrhythmias ( 42,43,44,45,46,47,48 and 49). Although recording electrograms from the right ventricular apex has been used during the past 20 years to distinguish proximal from distal right bundle branch block (44,50,51), the potential role for right ventricular mapping to distinguish tachycardias related to arrhythmogenic right ventricular dysplasia (fractionated electrograms on the free wall of the right ventricle) from right ventricular outflow tract tachycardias that arise on the septal side of the outflow tract in patients without ventricular disease has been recognized (see Chap. 11). In the presence of a normal QRS, the normal activation times from the onset of ventricular depolarization to the electrogram recorded from the catheter placed near the right ventricular apex range from 5 to 30 msec ( 50,51). Differences in this time relate to catheter placement more toward right ventricular apex or more toward the free wall at the base of insertion of the papillary muscle or after the takeoff of the moderator band. In addition, most investigators record from the proximal poles of a quadripolar catheter. Multiple levels of block in the right-sided conduction system can be assessed ( 44). Patients with proximal right bundle branch block (long V to R–V apex activation time) and long H–V intervals found postoperatively after repair of tetralogy of Fallot may be at high risk for heart block and subsequent sudden cardiac death caused by ventricular arrhythmias. Use of simultaneous recordings from a multipolar catheter positioned along the right bundle branch can facilitate determining the site of right bundle branch block/delay or establish whether a tachycardia mechanism requires the right bundle branch (e.g., bundle branch reentry). We have actively pursued detailed evaluation of endocardial activation of the left ventricle during sinus rhythm in our laboratory ( 42,43,45,48,49). We believed it was imperative to establish normal electrogram characteristics as well as activation patterns and recovery times to evaluate conduction defects related to the specialized conducting system or myocardial infarction or electrophysiologic abnormalities associated with a propensity to ventricular arrhythmias. We performed characterization of electrograms, both qualitatively and quantitatively, and particularly, activation patterns in 15 patients with no evidence of cardiac disease. In all cases, we performed left ventricular mapping using a Josephson quadripolar catheter (0.5-cm interelectrode distance). We inserted the catheter percutaneously into the femoral artery and advanced it to the left ventricle under fluoroscopic guidance. We inserted one to two quadripolar catheters percutaneously in the right femoral vein and advanced to the right ventricular apex and outflow tract as reference electrodes. We used the left ventricular mapping schema representing 12 segmental areas of the left ventricle (Fig. 2-15). We recorded 10 to 22 electrograms in each patient with the catheter sites verified by multiplane fluoroscopy. We ensured stability by recording from each site for a minimum of 5 to 30 seconds. We made all electrogram measurements using 1-cm interelectrode distance, using the distal electrode paired with the third electrode of the catheter. We filtered all electrograms at 30 to 500 Hz. We also recorded the intracardiac electrograms at a variable gain to achieve the best electrographic definition and accompanied it by a 1-mV calibration signal. A 10-mm bipolar fixed gain signal was recorded at 1-cm/mV amplification at each site.



FIG. 2-15. Schema of left ventricular endocardial mapping sites. (Modified from: Josephson ME, Horowitz LN, Spielman SR, et al. The role of catheter mapping in the preoperative evaluation of ventricular tachycardia. Am J Cardiol 1982;49:207.)



We defined electrographic amplitude (in mV) as the maximum upward to maximum downward deflection. We defined electrogram duration (in msec) as the time from the earliest electrical activity to the onset of the decay artifact as measured in the fixed gain bipolar electrogram. We combined the amplitude and duration measurements to give an amplitude/duration ratio to allow equal emphasis to be placed on each of these values. We defined local activation time at any given site as the time from the onset of the surface QRS to the time when the largest rapid deflection crossed the baseline in the 10-mm variable-gain electrogram. Examples of these techniques are shown in Figure 2-16.



FIG. 2-16. Endocardial electrograms from a normal left ventricle . Left, a posterobasal site. Right, the midseptum. Surface electrocardiographic leads 1, aVF, and V 1 are accompanied by two intracardiac recordings, which are of variable gain and fixed gain. Each electrogram is accompanied by a 1-mV calibration signal. Arrows indicate 1 mV. The vertical dashed line denotes onset of the surface QRS activity. The arrow on the variable gain shows local activation time, while the arrows on the fixed gain electrograms show onset and offset of local electrical activity. Note that the arrows marking the offset show the artifact produced by the decay of the amplified filtered signal. This is also seen on the 1-mV calibration signals. Time line is marked at the bottom of the figure. (From: Cassidy DM, Vassallo JA, Marchlinski FE, et al. Endocardial mapping in humans in sinus rhythm with normal left ventricles: activation patterns and characteristics of electrograms. Circ 1984;70:37.)



We defined normal electrogram amplitude and duration as those within 95% confidence limits for all electrograms for those measurements. We defined electrograms as basal (sites 4, 6, 8, 10, and 12) or nonbasal (sites 1, 2, 3, 5, 7, 9, and 11). Newer technologies for mapping (e.g., Carto System, Biosense, Inc.) will require new standards for normals since different electrode size, interelectrode distance, and configuration (unipolar vs. bipolar) as well as different filtering are used. General Description We obtained 156 electrograms (both variable and fixed gain) in 10 patients for quantitative analysis of characteristics of amplitude and duration. The use of mean values for multiple electrograms recorded from the same defined site left 112 electrograms for analysis. We obtained 215 electrograms (variable gain only) in 15 patients for analysis of left ventricular endocardial activation time. When only 1 electrogram per site was used, 169 electrograms were analyzed for activation time. We found no significant difference in activation times or electrographic characteristics when analyzing the total number of electrograms or the per-site mean average of electrograms. We have therefore reported our results using the per-site mean average. Descriptive Characteristics Electrograms from normal left ventricles had rapid deflections and distinct components. We recorded low-amplitude slow activity of only a few milliseconds' (range, 2 to 15 msec) duration at the beginning of all electrograms. We observed no split, fractionated, or late electrograms (e.g., after the QRS) (see Chap. 11) (48,49). Quantitative Characteristics Results of the quantitative analysis of normal electrographic characteristics are listed in Table 2-1. Mean electrographic amplitude was 6.7 ± 3.4 mV, and 95% of the electrograms were of an amplitude of 3 mV or greater. Mean electrogram duration was 54 ± 13 msec; 95% of the electrograms were of 70 msec or less duration. Mean electrogram/duration ratio was 0.133 ± 0.073 mV/sec, and the ratio for 95% of the electrograms was 0.045 mV/msec or greater. Quantitative descriptions of all electrograms recorded are listed in Table 2-2 and Table 2-3. Basal electrograms tended to be of lower amplitude (6.5 vs. 6.9 mV; p = NS), of greater duration (60 vs. 50 msec; p < .001), and to have a lower amplitude/duration ratio (0.166 vs. 0.144 mV/msec; p < .05) (Table 2-2).



TABLE 2-2. Summary of Electrogram Characteristics in Normal Left Ventricles



TABLE 2-3. Electrogram Amplitude and Duration Characteristics in Normal Left Ventricles by Left Ventricular Site* Number



Left Ventricular Endocardial Activation Left ventricular endocardial activation began at 0 to 15 msec (mean, 6 msec) after the onset of the QRS. Left ventricular endocardial activation was completed at 29 to 52 msec (mean, 43 msec). The duration of left ventricular endocardial activation ranged from 28 to 50 msec (mean 36). This comprised 41% of the total surface QRS complex (mean QRS duration, 87 msec; range, 80 to 100 msec). An analog map is shown in Figure 2-17.



FIG. 2-17. Analog record and isochronic map of ventricular endocardial activation for a normal patient. On the right are analog recordings of 1, aVF, and V 1 and electrograms from left ventricular endocardial sites. On the left is a schema of the left ventricle with isochronic maps. Note that the electrograms recorded from the left endocardial sites are rapid, with activation complete in the first half of the QRS complex. Notice there are probably three breakthrough sites, one at the midseptum at site 3-4; one at the inferior wall, site 5; and one at the anterosuperior wall, site 11-12. See text for further discussion.



We observed a definite pattern of left ventricular endocardial activation, although some patient-to-patient variability existed. The inferior border of the middle septum was the earliest area of left ventricular endocardial activation, while the superior-basal aspect of the free wall was a second endocardial breakthrough site. Moreover, the first and second earliest sites of endocardial breakthrough were nonadjacent 67% (10/15) of the time. Activation then appeared to spread radially from these breakthrough sites, so that the apex was activated relatively late, whereas the base at the inferior posterior wall was consistently the last area to be activated. Analog records of ventricular activation are shown in Figure 2-17. Using our mapping techniques (5 mm bipolar recordings filtered at 30 to 500 Hz), we were unable to discern a distinct third endocardial breakthrough site analogous to that noted by Durrer et al. ( 52). This was most likely due to the limitation of defining discrete activation sites using the catheter technique. It is possible that a third breakthrough site at the junction of the midinferior wall and septum ( 3,4 and 5) existed, as seen by Durrer et al. (52), but this could not always be separated from the adjacent midseptal site, which we observed. Using the Carto system (Biosense, Inc.) we have been more consistently able to define separate septal and inferior wall breakthrough sites comparable to those described by Durrer et al. ( 52). Our data have limitations. One is the use of a 1-cm interelectrode distance for recording our electrograms. We have compared 5- and 10-mm interelectrode distances and found no difference in activation times. Thus, the use of a 5-mm interelectrode distance would not change the data. However, tighter (i.e., 1–2 mm) bipolar pairs might alter the results. Certainly, use of a 1-mm interelectrode distance between poles, each of which, having a small surface area, has demonstrated electrograms of different duration. However, local activation appears similar using the largest rapid deflection for measurement. A negative feature of using such tight electrodes is that reproducible placement at the same recording site is more difficult. Whether or not 1-mm recordings will provide more clinically useful information is not yet established. As noted above, use of different catheters and recording techniques will necessitate establishing new “normal” values for each technique. We have recently used an electrical-anatomic mapping system (Carto System, Biosense, Inc.) and have been able to acquire 100–200 activation points in the left ventricle ( Fig. 2-18). The data were similar to our original findings but could distinguish in greater detail breakthrough sites and conduction abnormalities. No “normal” standards are available for this system, although this is more relevant to evaluation of electrogram amplitude, width, and configuration.



FIG. 2-18. Electrical anatomic map of normal left ventricular activation. (See Color Fig. 2-18.)



PROGRAMMED STIMULATION Incremental pacing and the introduction of programmed single or multiple extrastimuli during sinus or paced rhythms are the tools of dynamic electrophysiology. The normal heart responds in a predictable fashion to those perturbations, which may be used to achieve the following: 1. Characterize the physiologic properties of the A–V conduction system, atria, and ventricles. 2. Induce and analyze mechanisms of arrhythmias. 3. Evaluate both the effects of drug and electrical interventions on the function of the A–V conduction system, atria, and ventricles and their efficacy in the treatment of arrhythmias.



Like hemodynamic catheterizations, electrophysiologic studies must be tailored to the individual patient. Stimulation is usually carried out with the use of an isolated constant current source that delivers a rectangular impulse at a current strength that is twice diastolic threshold. We chose this current strength because of its reproducibility and safety. Some investigators advocate the use of stimuli delivered at 5 and 10 mA, but the safety of this current strength, particularly when used with multiple extrastimuli, remains to be determined. This will be discussed subsequently in this chapter in the section entitled Safety of Ventricular Stimulation. Regardless of what current strength is used, the stimulation system must allow the precise determination of the current strength delivered. The amount of current used is crucial in evaluating sensitivity and specificity of induction of arrhythmias and, in particular, in evaluating pharmacologic effects and therapy. Threshold, the lowest current required for consistent capture, is determined in late diastole, and must be redetermined after the administration of any drug to assess the effect of that drug on excitability. Because the threshold can be influenced by the paced cycle length, one should determine threshold at each paced cycle length used. One must also ascertain that stimulation is carried out at twice diastolic threshold both before and after drug intervention to distinguish changes in diastolic excitability (threshold) from changes in refractoriness. Incremental Pacing Atrial pacing provides a method of analyzing the functional properties of the A–V conduction system. Pacing from different atrial sites may result in different patterns of A–V conduction (21,22,53). Thus, pacing should be performed from the same site if the effects of drugs and/or physiologic interventions are to be studied. Atrial pacing should always be synchronized because alteration of the coupling interval of the first beat of a drive can affect subsequent A–V conduction. Atrial pacing is most commonly performed from the high-right atrium in the region of the sinus node. It is begun at a cycle length just below that of sinus rhythm with progressive shortening of the cycle length, in 10- to 50-msec decrements, to a minimum of 250 msec and/or cycle length at which A–V Wenckebach occurs. Zhang et al. ( 54) have compared ramp pacing, which is a gradual decrease in cycle length after several paced complexes at each cycle length, to the stepwise decremental atrial pacing technique and found both to be comparable. The use of the ramp technique might shorten the study if the cycle length of A–V nodal Wenckebach is all that is required. We prefer decremental pacing in our laboratory because it also allows assessment of sinus node recovery times at each drive cycle length (see Chap. 3). We maintain each paced cycle length for 15 to 60 seconds to ensure stability of conduction intervals. This is necessary to overcome two factors that significantly influence the development of a steady state. First is a phenomenon that has been termed accommodation by Lehmann et al. ( 55). They have found that during decremental pacing, if the coupling interval at the first beat of the drive is not synchronized, one can observe an increasing, decreasing, or stable A–H pattern for several cycles. Lehmann et al. noted this when shifting from one drive cycle length to another without a pause ( 55). When the second cycle length was begun asynchronously and the coupling interval of the first beat of the new cycle length was significantly less than that of the second drive cycle length, the initial A–H intervals are longer than during steady state A–H. Oscillations of the A–H interval, which dampen to a steady level, or A–V nodal Wenckebach can occur under these circumstances. If the coupling interval of the first beat of the train is longer than the cycle length of the train, then the first A–H interval will be shorter and then gradually lengthen to reach a steady state level. If the coupling interval of the first beat is approximately the same as the cycle length of the train, there will be rapid attainment of the steady state A–H interval. These patterns of A–V nodal accommodation can be avoided by synchronized atrial pacing. A second problem that cannot be readily resolved is the influence of autonomic tone on A–V conduction. Depending on the patient's autonomic status, rapid pacing can produce variations in A–V nodal conduction. The effect of paced cycle length and P–R interval on hemodynamics can produce reflexes that alter A–V nodal conduction. A stable interval is usually achieved after 15 to 30 seconds. The normal response to atrial pacing is for the A–H interval to gradually lengthen as the cycle length is decreased until A–V nodal block (Wenckebach-type) appears (Fig. 2-19). Infranodal conduction (H–V interval) remains unaffected ( Fig. 2-20) (1,2,3,4,5 and 6). Wenckebach block is frequently “atypical” in that the A–H interval does not gradually prolong in decreasing increments. The A–H interval may remain almost unchanged for several beats before block, and/or it may show its greatest increment on the last conducted beat. The incidence of atypical Wenckebach block is highest during long Wenckebach cycles (greater than 6:5) ( 56,57 and 58). Care must be taken to ensure that pauses are not secondary to loss of capture or occurrence of A–V nodal echo beats, which preempt the atrial stimulus, rendering the atrium refractory, resulting in loss of capture for one paced cycle length and the appearance of “pseudoblock” ( Fig. 2-21). With further shortening of the paced cycle length, higher degrees of A–V nodal block (e.g., 2:1 and 3:1) may appear.



FIG. 2-19. Normal response to incremental atrial pacing. A. At a paced cycle length of 600 msec, the A–H is 95 msec and the H–V is 50 msec. Shortening the cycle length to 350 msec, B. results in A–V nodal Wenckebach block; that is, progressive A–H prolongation (140, 200, 225 msec) terminating in block of the P wave in the A–V node (no His bundle deflection after the fourth paced beat). No changes are noted in atrial, right (RV), or left (LV) activation time.



FIG. 2-20. Effect of atrial pacing on the various components of the A–V conduction system. On the left is a sinus beat. The A–H and H–V intervals are 115 msec and 93 msec, respectively. A left bundle branch electrogram (LBE) allows division of the H–V interval into an H-LB interval (43 msec) and an LB-V of 50 msec. Atrial pacing at a cycle length of 600 msec (right panel) produces prolongation of A–V nodal conduction (increase A–H to 180 msec) while infranodal conduction is unaffected (H–V, H-LB, and LB-V remain constant).



FIG. 2-21. “Pseudoblock” owing to failure of capture. From top to bottom are leads 1, aVF, V1, and electrograms from the coronary sinus (CS), His bundle electrogram (HBE), and high-right atrium (HRA). Pacing from the HRA is begun, and apparent block of the fast-paced impulse is not due to block in the A–V node. The stimulus is delivered, which fails to capture the atrium, which has been previously depolarized by an atrial echo (A e, arrow) that is due to A–V nodal reentry. CL = cycle length.



Because of the marked effect of the autonomic nervous system on A–V nodal function, A–V nodal Wenckebach block occurs at a wide range of paced cycle lengths. In the absence of preexcitation, most patients in the basal state develop A–V nodal Wenckebach block at paced atrial cycle lengths of 500 to 350 msec ( Fig. 2-22). Occasional young, healthy patients, however, develop Wenckebach block at relatively long-paced cycle lengths, presumably secondary to enhanced vagal tone, while others, with heightened sympathetic tone, conduct 1:1 at cycle lengths of 300 msec. Differences of reported cycle lengths at which Wenckebach block normally appears are almost certainly related to the differences in the basal autonomic tone of the patients at the time of catheterization. There is a correlation between the A–H interval during sinus rhythm and the paced cycle length at which Wenckebach block appears; patients with long A–H intervals tend to develop Wenckebach block at lower paced rates, and vice versa ( 59). In our experience, the majority of patients in whom A–V nodal Wenckebach block was produced at paced cycle lengths of 600 msec or greater had prolonged A–H intervals during sinus rhythm. In the absence of drugs, this tends to occur in older patients or in young athletic patients with high vagal tone. In some young athletes Wenckebach block may be seen during sinus rhythm at rest.



FIG. 2-22. Paced cycle lengths producing A–V nodal Wenckebach block (AVNW).



At very short cycle lengths (350 msec or less), infra-His block may occasionally be noted in patients with normal resting H–V and QRS intervals ( Fig. 2-23) (60). Infra-His block occurs when the refractory period of the His-Purkinje system exceeds the paced atrial cycle length. Although some investigators consider infra-His block abnormal at any paced cycle length ( 21,25), it can clearly be a normal response at very short cycle lengths. This is a particularly common phenomenon, because if pacing is begun during sinus rhythm, the first or second complex (depending on the coupling interval from the last sinus complex to the first paced complex) acts as a long-short sequence. The long preceding cycle will prolong the His-Purkinje refractoriness; thus, the next impulse will block. The His-Purkinje system may also show accommodation following the initiation of a drive of atrial pacing in an analogous way to the A–V node ( 61). In this instance, however, one may see block initially in the His-Purkinje system followed by decreasing H–V intervals before resumption of 1:1 conduction at a fixed H–V interval. Prolongation of the H–V interval or infra-His block, however, produced at paced cycle lengths of 400 msec or more are abnormal and probably signify impaired infranodal conduction (see Chap. 5).



FIG. 2-23. Functional 2:1 infranodal block. Atrial pacing at a cycle length (CL) of 290 msec results in 2:1 block below the His bundle despite the normal QRS complex and basal H–V interval of 40 msec. This response occurred because the effective refractory period of the His-Purkinje system was 350 msec, which is longer than the paced cycle length.



Ventricular pacing provides information about ventriculoatrial (V–A) conduction. The exact proportion of patients demonstrating V–A conduction varies from 40% to 90% and depends on the patient population studied. The incidence of V–A conduction is higher in patients with normal antegrade conduction, although it is well documented that V–A conduction can occur in the presence of complete A–V block if block is localized to the His-Purkinje system ( 62,63,64 and 65). Although most studies have demonstrated that at comparable paced rates, antegrade conduction is better than retrograde conduction in most patients ( 65,66 and 67), Narula suggested that retrograde conduction, when present, was better than antegrade conduction ( 68). This divergence from the rest of the literature obviously reflected a selected patient population. In 1981, Akhtar ( 69) reviewed his data, which revealed that if retrograde conduction is present, it will be better than antegrade conduction in only one-third of instances. Most of such instances involve patients with either bypass tracts or dual A–V nodal pathways (see Chap. 8 and Chap. 10). Our own data have revealed that in 750 patients with intact A–V conduction, antegrade conduction was better (i.e., was able to maintain 1:1 conduction at shorter paced cycle lengths) than retrograde conduction in 62% of patients, was worse in 18% of patients, and was the same in 20% of patients. These data, which exclude patients with bypass tracts, are comparable to those of Akhtar who only considered patients with intact retrograde conduction ( 69). The ability to conduct retrogradely during ventricular pacing is directly related to the presence and speed of antegrade conduction. Patients with prolonged P–R intervals are much less likely to demonstrate retrograde conduction ( 65,66 and 67,69). His bundle recordings have shown that patients with prolonged A–V nodal conduction are less capable of V–A conduction than are those with infranodal delay ( 65). Furthermore, in patients with second-degree or third-degree A–V block, the site of block determines the capability for V–A conduction ( 65,69). Antegrade block in the A–V node is almost universally associated with failure of V–A conduction, whereas antegrade block in the His-Purkinje system may be associated with some degree of V–A conduction in up to 40% of instances ( 65). Our own data have demonstrated intact V–A conduction in 42 of 172 (29%) patients with infra-His block and in only 4 of 173 (1.7%) patients with A–V nodal block. Thus, A–V nodal



conduction appears to be the major determinant of retrograde conduction during ventricular pacing. Ventricular pacing is usually carried out from the right ventricular apex. No difference in capability of V–A conduction has been demonstrated between right ventricular apical pacing and pacing from the right ventricular outflow tract or left ventricle in patients with normal A–V and intraventricular conduction. As with atrial pacing, ventricular pacing is begun at a cycle length just below the sinus cycle length. The paced cycle length is gradually reduced until a cycle length of 300 msec is reached. Further shortening of the ventricular paced cycle length may also be used, particularly in studies assessing rapid retrograde conduction in patients with supraventricular arrhythmias (see Chap. 8) or during stimulation studies to initiate ventricular arrhythmias (see Chap. 11). During ventricular pacing, a retrograde His deflection can be seen in the His bundle electrogram in the majority of cases. If careful attention is paid to obtaining the His deflection (this may require multiple readjustments), particularly using a narrow bipolar pair at relatively low gain settings, a His deflection may be observed nearly 85% of the time in patients with a normal QRS complex during sinus rhythm. We have used the Bard Electrophysiology Josephson quadripolar catheter for obtaining distal and proximal His deflections (Chap. 1). Using this catheter, we observed a retrograde His potential in 86 of 100 consecutive patients in whom we attempted to record it. Ventricular pacing at the base of the heart opposite the A–V junction facilitates recording a retrograde His deflection, particularly when the His bundle recording is made with a narrow bipolar signal (i.e., 2 mm). This allows the ventricle to be activated much earlier relative to His bundle activation, because the ventricular impulse must propagate from the base to the apex before it engages the right bundle branch and subsequently conduct to the His bundle. Retrograde His deflections are much less often seen in the presence of ipsilateral bundle branch block. In all instances, V–H (or stimulus-H) interval exceeds the anterograde H–V by the time it takes for the stimulated impulse to reach the ipsilateral bundle branch. In patients with normal QRS complexes and normal H–V intervals, a retrograde His deflection usually can be seen before inscription of the ventricular electrogram in the His bundle recording site during right ventricular apex stimulation ( Fig. 2-24). In contrast, when ipsilateral bundle branch block is observed, particularly with prolonged H–V intervals, a retrograde His is less commonly seen, and when it is seen, it is usually inscribed after the QRS when pacing is carried out in the ipsilateral ventricle. This is most commonly observed in patients with right bundle branch block during right ventricular pacing ( Fig. 2-24).



FIG. 2-24. Relationship of antegrade H–V interval to V–H interval during ventricular pacing. All four panels are organized as leads 1, aVF, V 1, high-right atrium (HRA), two His bundle electrograms (HBE), and the right ventricular apical (RVA) electrogram. A. On the top, atrial pacing at a cycle length of 700 is associated with an H–V interval of 55 msec with a normal QRS. On the bottom, ventricular pacing at the same cycle length is associated with the V–H interval of 70 msec. The retrograde His can be seen to occur before the local V in the HBE. B. During sinus rhythm at a cycle length of 550 msec, the right bundle branch block is present with an H–V interval of 80 msec On the bottom, right ventricular pacing is shown from the RVA along with a single HBE. The paced cycle length is just faster than the sinus cycle length. A retrograde H can be seen to follow the paced QRS complex, with a V–H interval of 120 msec. T = time line.



The normal response to ventricular pacing is a gradual prolongation of V–A conduction as the ventricular paced cycle length is decreased. Retrograde (V–A) Wenckebach-type block and higher degrees of V–A block appear at shorter cycle lengths ( Fig. 2-25). Although Wenckebach-type block usually signifies retrograde delay in the A–V node, it is only when a retrograde His deflection is present that retrograde V–A Wenckebach and higher degrees of block can be documented to be localized to the A–V node ( Fig. 2-25, bottom panel). Occasionally, retrograde (V–A) Wenckebach cycles are terminated by an early beat with a normal QRS morphology and a relatively short A–H interval ( Fig. 2-26). This extra beat is termed a ventricular echo and is not infrequent during retrograde Wenckebach cycles (69,70 and 71). Such echoes may be seen in at least 25% to 30% of patients if care is taken to evaluate V–A conduction at small increments of paced rates. Ventricular echoes of this type are due to reentry secondary to a longitudinally dissociated A–V node and require a critical degree of V–A conduction delay for their appearance. Patients with a dual A–V nodal pathway manifesting this type of retrograde Wenckebach and reentry are generally not prone to develop clinical supraventricular tachycardia that is due to A–V nodal reentry (see Chap. 8).



FIG. 2-25. Ventricular pacing resulting in retrograde A–V nodal Wenckebach block. A. During right ventricular pacing at a paced cycle length (PCL) of 600 msec, 1:1 V–A conduction is present. B. As the PCL is shortened to 500 msec, 3:2 retrograde Wenckebach block appears. C. As the PCLs decrease to 400 msec, 2:1 V–A block occurs. The presence of a retrograde His deflection allowed the site of block to be localized to the A–V node. Note that the S–H interval remains constant at the three PCLs.



FIG. 2-26. Retrograde Wenckebach cycle terminated by an echo beat. A. Prolonged retrograde conduction (S–A = 360 msec) is noted in response to a ventricular paced cycle length (CL) of 750 msec. B. As the CL is shortened to 550 msec, progressive delay in retrograde conduction results. After the third paced ventricular complex, pacing is terminated (open arrow) and a return beat appears that has the same configuration as the subsequent sinus beat. See text for further discussion.



Because a retrograde His bundle deflection may not always be observed in patients during ventricular pacing, in the presence of V–A block, localization of the site of



block in such patients must be inferred from the effects of the ventricular paced beat on conduction of spontaneous or stimulated atrial depolarizations. Thus, one localizes the site of delay by analyzing the level of concealed retrograde conduction. If the A–H interval of the spontaneous or induced atrial depolarization is independent of the time relationship of ventricular paced beats, then by inference, the site of retrograde block is infranodal in the His-Purkinje system. On the other hand, variations in the A–H intervals that depend on the coupling interval of the atrial complex to the ventricular paced beat, or failure of the atrial impulse to depolarize the His bundle, suggest retrograde penetration and block within the A–V node ( Fig. 2-27). Another method of evaluating the site of retrograde block in the absence of a recorded retrograde His potential is to note the effects of drugs, such as atropine or isoproterenol, which affect only A–V nodal conduction, on V–A conduction. Improvement of conduction following administration of these drugs suggests that the site of block is in the A–V node. Using narrow bipolar electrograms to obtain retrograde His potentials, particularly with right ventricular para-Hisian pacing, and pharmacologic manipulations when these are not observed, it is possible to localize the site of block during ventricular pacing at cycle lengths of 300 msec or more to the A–V node in more than 95% of patients with normal QRS complexes in sinus rhythm.



FIG. 2-27. Diagnosis of site of retrograde block by inference. During ventricular pacing (S, arrow) from the right ventricular apex (RVA), A–V dissociation is present. Despite the presence of a visible retrograde His deflection the site of block is shown to be the A–V node because antegrade A–V nodal conduction (A–H) depends on the relationship of the sinus beats (A) to the ventricular complexes. See text for further discussion.



In contrast to the development of the V–A Wenckebach, if one can record a retrograde His deflection, it is possible to demonstrate that V–H conduction remains relatively intact at rapid rates despite the development of retrograde block within the A–V node ( Fig. 2-28).



FIG. 2-28. Stability of retrograde His conduction during rapid ventricular pacing. Leads 1, aVF, V1 are shown with the high-right atrium (HRA), His bundle electrogram (HBE), and right ventricular (RV) electrograms. The H–V in sinus rhythm (NSR) is 50 msec, and the V–H during RV pacing at all cycle lengths was 80 msec. On the right, during RV pacing at a cycle length of 300 msec, the retrograde His conduction time is 80 msec and is constant during complete V–A dissociation.



Refractory Periods The refractoriness of a cardiac tissue can be defined by the response of that tissue to the introduction of premature stimuli. In clinical electrophysiology, refractoriness is generally expressed in terms of three measurements: relative, effective, and functional. The definitions differ slightly from comparable terms used in cellular electrophysiology. 1. The relative refractory period (RRP) is the longest coupling interval of a premature impulse that results in prolonged conduction of the premature impulse relative to that of the basic drive. Thus, the RRP marks the end of the full recovery period, the zone during which conduction of the premature and basic drive impulses is identical. 2. The effective refractory period (ERP) of a cardiac tissue is the longest coupling interval between the basic drive and the premature impulse that fails to propagate through that tissue. It therefore must be measured proximal to the refractory tissue. 3. The functional refractory period (FRP) of a cardiac tissue is the minimum interval between two consecutively conducted impulses through that tissue. Because the FRP is a measure of output from a tissue, it is described by measuring points distal to that tissue. It follows that determination of the ERP of a tissue requires that the FRP of more proximal tissues be less than the ERP of the distal tissue; for example, the ERP of the His-Purkinje system can be determined only if it exceeds the FRP of the A–V node. The concepts of refractory period measurements can be applied to each component of the A–V conduction system (AVCS), and they can be schematically depicted by plotting the input against the output of any component of the AVCS. The definitions of antegrade and retrograde refractory periods of the components of the AVCS are given in Table 2-4.



TABLE 2-4. Definition of Terms



In humans, refractory periods are analyzed by the extrastimulus technique, whereby a single atrial or ventricular extrastimulus is introduced at progressively shorter coupling intervals until a response is no longer elicited ( 72,73,74 and 75). Because refractoriness of cardiac tissues depends on prior cycle length, refractory periods should be determined at a fixed cycle length within the physiologic range (1000 to 600 msec) to avoid the changes in refractoriness that would occur owing to alterations in cycle length secondary to sinus arrhythmia or spontaneous premature complexes. Determining refractoriness at shorter cycle lengths may be useful to assess refractoriness in the heart at rates comparable to those during spontaneous tachycardias. The extrastimulus is delivered after a train of 8 to 10 paced complexes to allow time for reasonable (³95%) stabilization of refractoriness, which is usually accomplished after the first 3 or 4 paced beats. The specific effects of preceding cycle lengths on refractoriness will be discussed later. In addition, the measured ERP of atrial and/or ventricular sites of stimulation is inversely related to the current used; that is, the measured ERP will decrease when higher stimulus strengths are used. In most electrophysiologic laboratories, stimulus strength has been arbitrarily standardized as being delivered at twice diastolic threshold. Some standardization of stimulus strength is necessary if one wishes to compare atrial and/or ventricular refractoriness before and after an intervention. Although use of current at twice diastolic threshold gives reproducible and clinically relevant information, and has a low incidence of nonclinical arrhythmia induction, the use of higher currents has been suggested ( 76). Certainly, a more detailed method of assessing refractoriness, or more appropriately, ventricular or atrial excitability, would be to define the strength-interval curves at these sites. This would entail determining the ERP at increasing current strengths from threshold to approximately 10 mA. An example of a strength-interval curve to determine ventricular refractoriness is shown in Figure 2-29. Note there is a gradual shortening of measured ventricular refractoriness as the current is increased until the point is reached where the refractory period stays relatively constant despite increasing current strengths. The steep portion of the strength-interval curve defines the ERP of that tissue. The use of increasing current to 10 mA to determine ventricular ERP usually results in a shortening of the measured refractoriness by approximately 30 msec ( Fig. 2-30) (76). We have found similar findings performing strength-interval curves in the atrium. Whether or not the ERP determined as the steep part of the strength-interval curve provides more clinically useful information is uncertain. The determination of such curves, however, may be quite useful in characterizing the effects of antiarrhythmic agents on ventricular excitability and refractoriness. The safety of using high current strengths, particularly when multiple extrastimuli are delivered, is questionable because fibrillation is more likely to occur when multiple extrastimuli are delivered at high current strengths.



FIG. 2-29. Typical curve relating current strength and ventricular refractoriness . The ventricular effective refractory period (VERP) at a given current strength (abscissa) is plotted against the current strength of the stimuli (ordinate). At diastolic threshold, 0.35 mA, the ventricular effective refraction period is 238 msec. With increases in stimulus current, there is a decrease in the measured VERP until it becomes fixed at 185 msec, despite further increases in current from 5 to 10 mA. (From: Greenspan AM, Camardo JS, Horowitz LN, et al. Human ventricular refractoriness: effects of increasing current. Am J Cardiol 1981;47:244.)



FIG. 2-30. Analysis of the total change in ventricular effective refractory period (VERP) with increasing current. The total change in VERP with increasing current from threshold to 10 mA (abscissa) is plotted against the percentage of patients demonstrating such a total change. In three patients (7%) with a high diastolic threshold, the total change in VERP was less than 10 msec; in 72% of the patients the total change with increasing current was between 20 and 40 msec. (From: Greenspan AM, Camardo JS, Horowitz LN, et al. Human ventricular refractoriness: effects of increasing current. Am J Cardiol 1981;47:244.)



The determination of antegrade and retrograde refractoriness with atrial extrastimuli and ventricular extrastimuli, respectively, is demonstrated in Figure 2-31 and Figure 2-32. It is extremely important that measurements in refractory periods be taken at specific sites; measurements of atrial and ventricular refractory periods are taken at the site of stimulation, and measurements of A–V nodal refractory periods and His-Purkinje refractory periods are taken from the His bundle electrogram.



FIG. 2-31. Method of determining antegrade refractory periods. A–E. The effects of progressively premature atrial extrastimuli (S 2) delivered during a paced atrial cycle length (S1–S 1) of 600 msec. There is progressive prolongation of A–V nodal conduction (increase in A 2–H2; A–C. followed by block in the A–V node, D. and atrial refractoriness, E. at shorter coupling intervals. FRP–AVN = functional refractory period of A–V node; RRP = relative refractory period; ERP = effective refractory period; S = stimulus artifact. See Table 2-4 for definitions and text for further discussion.



FIG. 2-32. Ventricular extrastimulus technique. A–E. The effects of progressively premature right ventricular (RV) extrastimuli (S 2) at a basic cycle length (BCL; S 1–S1) of 600 msec are shown. At long coupling intervals, (A) there is no retrograde delay. B–D. Conduction delay appears in the His-Purkinje system (S 2–H2 prolongation). At a very short coupling interval (S 1–S 2 = 270 msec), the effective refractory period of the ventricle (ERP–V) is reached. See Table 2-4 for definitions and text for discussion.



Cycle Length Responsiveness of Refractory Periods Determinations of refractoriness should be performed at multiple drive cycle lengths to assess the effect of cycle length on the refractory periods. There are expected physiologic responses to alterations in drive cycle lengths. Normally, atrial, His-Purkinje, and ventricular refractory periods are directly related to the basic drive cycle length; that is, the effective refractory period tends to decrease with decreasing drive cycle lengths ( 77,78). This phenomenon is most marked in the His-Purkinje system (Fig. 2-33). The A–V node, in contrast, behaves in an opposite fashion; the ERP increases with decreasing cycle lengths ( 21,77,78). The explanation for the behavior of A–V nodal tissue has been suggested by Simson et al. to be due to a fatigue phenomenon that most likely results because A–V nodal refractoriness (unlike His-Purkinje refractoriness) is time-dependent and exceeds its action potential duration ( 79). On the other hand, the response of the FRP of the A–V node to changes in cycle length is variable but tends to decrease with decreasing cycle lengths. This paradox occurs because the FRP is not a true measure of refractoriness encountered by the premature atrial impulse (A 2). It is significantly determined by the A–V nodal conduction time of the basic drive beat (A 1–H1); the longer the A 1–H1, the shorter the calculated FRP at any A 2–H2 interval [FRP = H1–H2 = (A1–A2 + A2–H2) – (A1–H2)].



FIG. 2-33. Effect of cycle length on His-Purkinje refractoriness. A. The basic paced cycle length is 680 msec, and the H–V is 50 msec. An atrial premature stimulus (A2), delivered at a coupling interval (A 1–A2) of 395 msec, conducts with an H1–H2 interval of 420 msec, resulting in the development of right bundle branch block and H 2–V 2 prolongation to 60 msec. B. At a shorter cycle length of 500 msec, a premature atrial impulse with an identical H 1–H2 of 420 msec is conducted without aberration or H 2–V2 prolongation. Thus, the relative refractory period of the His-Purkinje system is shortened as the paced cycle length decreases.



Although the basic drive cycle length affects the refractory periods in this predicted way, abrupt changes in the cycle length may alter refractoriness differently. The effect of abrupt changes in drive cycle length and/or the effect of premature impulses on subsequent refractoriness of His-Purkinje and ventricular tissue has recently been studied (61,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84 and 85). Specific ventricular pacing protocols have been used to assess the role of abrupt changes in drive cycle length ( Fig. 2-34) and of postextrasystolic pauses during a constant drive cycle length ( Fig. 2-35) on subsequent retrograde His-Purkinje refractoriness and ventricular myocardial refractoriness ( 61,81). Use of these protocols has shown that the behavior of the His-Purkinje system and ventricular muscle appears to be divergent both to changes in drive cycle length and after ventricular premature stimuli. In both instances, the ventricular refractoriness seems to be more closely associated with the basic drive cycle length; that is, it demonstrates a cumulative effect of preceding cycle lengths, whereas the His-Purkinje system shows a marked effect of the immediately preceding cycle length(s). Thus, a change from long to short drive cycle lengths shortens the ERP of the His-Purkinje system and ventricular muscle; a shift from a short to a long cycle length markedly prolongs the His-Purkinje ERP but alters the ventricular ERP little, if at all, from that determined at the short drive cycle length. These differences are even more obvious in response to single extrastimuli. When a single extrastimulus is delivered, a subsequent extrastimulus shows a shortening of the ERP of both the His-Purkinje system and ventricular muscle. However, if a pause equal to the drive cycle length is delivered after the first premature stimulus and then refractory periods again determined following this new S 1' interval (Fig. 2-35, method 3), the refractory period of ventricular muscle will be similar to that of the basic drive cycle length (S 1–S 1), whereas that of the His-Purkinje system will markedly lengthen. In contrast, when the refractory period of the first premature stimulus is tested without a new pause, His-Purkinje refractoriness is shortened. Studies from our laboratory have shown that the ability of a premature stimulus to shorten the ventricular ERP is related to the coupling interval of the extrastimulus (82,83 and 84). Shortening of the ERP primarily occurs at short coupling intervals beginning from 50 to 100 msec above the ERP determined during the basic drive cycle length. This effect on refractoriness was linearly related to the drive cycle length such that premature stimuli at comparable coupling intervals delivered at 400 msec would produce a shorter ERP than those associated with 600 msec.



FIG. 2-34. Stimulation protocols to evaluate differences of His-Purkinje and ventricular refractoriness to changes in cycle length. The essential difference between methods I and II is that in method I the S 2 (V2) is preceded by a series of constant ventricular cycle lengths and that in method II the cycle length just before S 2 (V2) is abruptly altered (S 1S1' or V1V1') as compared with the preceding cycle lengths (S 1 S1 or V1 V1). In all methods the reference cycle lengths (CL R) are the ventricular cycle length to which S 2 (V2) is coupled, whereas the cycle lengths preceding the CL R are designated as CL P. Note that CLR is identical for all methods, whereas CL P is equal to CL R during method I, where cycle length is constant; CL P is greater than CLR during method IIA, where cycle length is abruptly decreased; CL P is less than CLR during method IIB, where cycle length is abruptly increased. (From: Denker S, Lehmann MH, Mahmud R, et al. Divergence between refractoriness of His-Purkinje



system and ventricular muscle with abrupt changes in cycle length. Circ 1963;68:1212.)



FIG. 2-35. Ventricular pacing protocol used to analyze His-Purkinje system (HPS) and ventricular muscle (VM) refractory periods during an extrasystole-postextrasystole sequence. The constant basic cycle length (S 1 S1 or V1 V1) of method I was identical to that used with methods II and III. Note also that the extrasystolic beat coupling interval (S 1S2 or V1V2) was the same in both methods II and III. So that method I could serve as a control for method III, the postextrasystolic pause (S 2S1' or V 2V1') in method III was programmed to equal S1S1. Ventricular stimuli were introduced at progressively closer coupling intervals immediately after the last beat of each pacing method to determine corresponding HPS and VM refractory periods See text for details. S = stimulus; V = ventricular paced beat; St = premature stimuli. (From: Lehmann MH, Denker S, Mahmud R, Akhtar M. Postextrasystolic alterations in refractoriness of the His-Purkinje system and ventricular myocardium in man. Circ 1984;69:1096.)



This marked effect of the preceding cycle length, either in exaggerated abbreviation or prolongation of refractoriness, may explain what were previously felt to be paradoxical responses in conduction during long, short-long, or long-short sequences during antegrade or retrograde conduction. These findings may also explain some of the variability of initiation of tachycardias depending on preceding cycle lengths. The mechanism of these abnormalities has not been well worked out but appears related to the diastolic interval between action potentials of premature and drive beats ( Fig. 2-36). As can be seen in Figure 2-36, although the drive cycle length affects the action potential during that drive, the diastolic interval (the interval from the end of the action potential to the beginning of the next action potential) can be markedly affected by short-long, or long-short intervals, which can affect the refractory period of the subsequent complex. The role of the diastolic interval on ventricular refractoriness has been studied by Vassallo et al. ( 84) in our laboratory. In this study, we evaluated the effect of one and two extrastimuli on subsequent ventricular refractoriness using a protocol that kept the coupling interval of the first and second stimulus equal (S 1–S 2 = S2–S3). Because a single premature stimulus (S2) can shorten ventricular refractoriness, as measured by S 3, keeping S1–S 2 and S2–S3 equal would directly assess the effect of the diastolic interval on refractoriness. Using this method, we clearly showed that the refractory period of following one extrastimulus (S 2) was shorter than a refractory period following two extrastimuli (S2, S3) delivered at the same coupling intervals. This was probably related to an increase in the diastolic interval preceding S 3 (Fig. 2-37). This finding implies that the diastolic interval is probably the key determinant in alterations in refractoriness in response to sudden changes in cycle length and suggests that the His-Purkinje system and ventricular muscle differ more quantitatively than qualitatively. Because the diastolic interval influences the response of both His-Purkinje system and ventricular refractoriness to single extrastimuli, what is the cause of the “quantitative” differences? The difference in action potential duration between ventricular muscle and His-Purkinje system and the more pronounced effect of drive cycle length on the duration of the action potential of the His-Purkinje system probably cause the apparent differences in the effect of premature stimuli on the diastolic interval and subsequent refractoriness between these two tissues. Demonstration of the effects of the diastolic interval on refractoriness of ventricular muscle requires short coupling intervals. In 1987 Marchlinski demonstrated that very short drive cycle lengths and coupling intervals produce oscillations of ventricular refractoriness analogous to that shown for the His-Purkinje system ( 83). Thus, the diastolic interval appears to be the major determinant of the refractory period following extrastimuli in both structures. Differences in the basic action potentials of ventricular muscle and His-Purkinje fibers are responsible for the apparent differences in their response to changes in cycle length and premature stimulation.



FIG. 2-36. The schema depicts the action potential duration (APD) and the diastolic intervals during a pacing protocol. A–C. The stimulus-to-stimulus intervals (in milliseconds) are shown along the top of action potentials. The values of APD and diastolic intervals are only a rough approximation and were derived from the actual values of relative refractory period-His-Purkinje system (RRP-HPS) obtained during studies. (From: Akhtar M, Denker ST, Lehmann MH, Mahmud R. Effects of sudden cycle length alteration on refractoriness of human His-Purkinje system and ventricular myocardium. In: Zipes DP, Jalife J, eds. Cardiac electrophysiology and arrhythmias. Orlando, FL: Grune & Stratton, 1985:399.)



FIG. 2-37. Diagrammatic representation of the influence of preceding diastolic interval and preceding refractory period on shortening of subsequent refractory period in one patient. During a paced cycle length of 400 msec, refractoriness was determined to be 220 msec. A. Double extrastimuli (S2 and S3) are delivered with a S 1–S 2 coupling interval equal to 260 msec (diastolic interval of 40 msec). This results in shortening the refractory period of S 2 to 180 msec compared to the drive cycle length. B. Double ventricular extrastimuli at the same coupling intervals (260 msec) are delivered and a third extrastimulus (S 4) is introduced to determine ventricular effective refractory period (VERP) of S 3. Refractoriness of S3 now depends on previous diastolic interval (80 msec), as well as a refractory period of S 2 (which is shorter than the refractory period of S 1). This results in a refractory period of S 3 at an S1–S2 = S2–S3 of 260 msec that is 195 msec. This compares to a refractory period of 220 msec during the drive and a ventricular refractory period of S 2 of 180 msec. (From: Vassallo JA, Marchlinski FE, Cassidy DM, et al. Shortening of ventricular refractorines with extrastimuli: Role of the degree of prematurity and number of extrastimuli. J Electrophysiol 1988;2:227.)



A wide range of normal values has been reported for refractory periods ( Table 2-5) (23,66,78). The major difficulty with interpreting these “normal” values is that they represent pooled data of refractory periods at different cycle lengths. The data would be more meaningful if they were all obtained at comparable cycle lengths using the same stimulus strength and pulse width. In these different laboratories, stimulus strengths vary from twice threshold to 5 mA, and pulse widths vary from 1 to 2 msec; both of these factors can alter the so-called normal value. As noted previously, strength-interval curves may be the best way to determine atrial and ventricular refractoriness. Another factor affecting the validity of such “normal” data is that A–V nodal conduction and refractoriness are both markedly affected by autonomic tone, an impossible factor to control except by autonomic blockade, which is not done routinely. Although atrial, ventricular, and His-Purkinje refractory periods appear relatively independent of autonomic tone and are therefore relatively stable, A–V nodal refractory periods are labile and can vary significantly during the course of a single study (20). Recent data, however, suggest that even this is not entirely true. Studies by Prystowsky et al. ( 86,87) suggest that both atrial and ventricular refractory periods are influenced by the autonomic nervous system. Although it is difficult to assess the clinical significance of his findings, Prystowsky has shown that enhanced parasympathetic tone shortens atrial refractoriness and prolongs right ventricular refractoriness ( 86,87). The exact clinical relevance of these findings is uncertain, but they suggest some influence of the autonomic nervous system even on working muscle. Thus, the values listed in Table 2-5 should serve only as approximate guidelines. The effect of drive cycle length on ventricular refractoriness in any given patient may represent a means of discriminating between abnormal and normal refractoriness when the absolute value of a single refractory period determination is borderline. For example, if the ERP of the His-Purkinje system is 450 msec at a basic cycle length of 1000 msec, failure of the ERP to decrease when the basic drive cycle length is shortened confirms an abnormal response, whereas a marked decrease suggests that the initial value was at the upper limits of normal because of the slow intrinsic rate.



TABLE 2-5. Normal Refractory Periods in Adults



Dispersion of Refractoriness Dispersion of ventricular refractory periods has been suggested as an indicator of an arrhythmogenic substrate based on animal experiments ( 88,89,90 and 91). As noted, differences in refractory periods depend on how they were determined, related to both stimulus strength and drive cycle length ( 92,93). The types of tissue in which the refractory period is measured also influence the presence and degree of dispersion of refractoriness. For example, ischemic tissue appears to have longer refractory periods than nonischemic tissue ( 90,91). Use of monophasic action potentials confirms that the refractory period of such tissue may exceed the duration of the action potential (i.e., post-repolarization refractoriness). This demonstrates the limitation of using monophasic action potentials alone as a measure of refractorines. We recently evaluated whether or not dispersion of refractoriness is a measurable entity that has clinical relevance in humans ( 43). Using the left ventricular schema shown in Figure 2-11, we measured ventricular refractoriness at 10 to 12 sites in the left ventricle. The mean ERP at different left ventricular sites determined at a paced cycle length of 600 msec using twice diastolic threshold current was 250 ± 38 msec. In a small number of patients, we evaluated differences in dispersion of refractoriness during atrial pacing and ventricular pacing at 600 and 400 msec. We also assessed the difference in dispersion of refractoriness when refractory periods are determined at both twice threshold and at 10 mA (in our experience this is always on the steep portion of the strength-interval curve). Moreover, because local dispersion of recovery may be more important than dispersion of refractory period measurements per se, intraventricular activation must also be considered. Thus, we evaluated both dispersion of refractoriness and dispersion of recovery (local activation plus local refractoriness) at each site. In seven patients without heart disease, the normal dispersion of the left ventricular ERP was 40 ± 14 msec, and dispersion of the total recovery time was 52 ± 14 msec using a twice-diastolic threshold current strength and 600-msec drive cycle lengths from the left ventricle. In five patients, we studied the effect of drive cycle length on dispersion of refractoriness. At a paced cycle length of 600 msec, the dispersion of refractoriness was 66 ± 41 msec, and it was similar at a paced cycle length of 400 msec at 65 ± 45 msec. Total dispersion of recovery was 89 ± 40 msec at a paced cycle length of 600 and 88 ± 38 msec at a paced cycle length of 400 msec. Of note, the maximum dispersion at any two adjacent sites of refractoriness was 33 ± 12 msec, and for total recovery it was 41 ± 15 msec. Thus, in our studies (43), cycle lengths from 600 to 400 msec did not alter dispersion of refractoriness, as seen in experimental studies ( 88,89,90,91 and 92). We also compared dispersion of refractoriness at both twice diastolic threshold and at 10 mA in selected normal patients. In these patients we found no significant difference in dispersion of refractoriness. The dispersion of refractoriness was 62 msec at twice threshold and 50 msec at 10 mA, and the total recovery was 79 msec at twice threshold and 68 msec at 10 mA. Neither of these reached statistical significance. A limitation of these preliminary data is that in these patients, dispersion-measurement methods were mixed, some having twice threshold and 10 mA performed at sinus rhythm and some during a different ventricular paced cycle length. Luck et al. (93) evaluated bradycardia on dispersion of ventricular refractoriness using only 3 right ventricular sites in 16 patients with severe bradycardia. They found that patients with bradycardia had significantly longer right ventricular ERPs than normals, but they found a comparable dispersion of refractoriness among these 3 right ventricular sites (43 ± 38 msec vs. 37 ± 12 msec). Pacing at rates of 120 beats per minute tended to shorten the refractoriness of both groups as well as the dispersion of refractoriness in both groups, but the ERP at this paced cycle length of the group with spontaneous bradycardia remained longer than the ERP in those patients with normal sinus rhythm. The difference between this study and our data ( 43) probably relates to the fact that we could not compare very slow rates with faster rates and only studied rates of 100 and 150 beats per minute in detail. Moreover, the effect of chronic bradycardia and subsequent ventricular enlargement may play an important role in refractory period measurements. The fact that only right ventricular sites were evaluated by Luck et al. ( 93) limits their conclusions. Other workers have looked at the effect of site of pacing on refractoriness, considering, for example, whether atrial pacing differed from ventricular pacing. Friehling et al. (94) showed longer ERPs and greater dispersion of ERP from three right ventricular sites determined during atrial pacing when compared to refractoriness determined by pacing and stimulating the right ventricular site. In contrast, when we compared dispersion of refractoriness and recovery from multiple left ventricular sites measured during atrial pacing and ventricular pacing at the stimulation site in five patients, we found no significant difference in dispersion of refractory periods of total recovery times. The difference between these results is unclear, although the small number of pacing sites in the study by Friehling et al. ( 94), the difference between right and left ventricular stimulation, and the small number of patients in both studies limit the interpretation of the data. Our data on normal left ventricular dispersion of refractoriness and total recovery time serve as a reference for evaluating the role of dispersion refractoriness and/or recovery in arrhythmogenesis. The use of monophasic action potentials (MAP) may provide useful information about dispersion of refractoriness that is independent of stimulation ( 95). This technique uses a contact electrode to basically record an injury potential. The signals recorded are quite comparable to intracellular microelectrode recording, and if properly done are stable for a few hours. The action potential duration (APD ) corresponds to the ERP in normal tissue, but in diseased tissue the ERP exceeds the ERP. Thus, the value of this technique in abnormal tissue or in the presence of Na channel blockers is uncertain. The demonstration that drugs produce an ERP that exceeds the APD may be useful, but this would be demonstrated by ERP prolongation by stimulation techniques alone. The limited ability to readily map all areas of the left ventricle with current MAP catheters may further limit the utility of this technique. Patterns of Response to Atrial Extrastimuli Several patterns of response to programmed atrial extrastimuli are characterized by differing sites of conduction delay and block and the coupling intervals at which they occur (63,64). The most common pattern (Type I) is seen when the atrial impulse encounters progressively greater delay in the A–V node without any change in infranodal conduction (see Fig. 2-31). Block eventually occurs in the A–V node or the atrium itself. With the Type II response, delay is noted initially in the A–V node, but at shorter coupling intervals, progressive delay in the His-Purkinje system appears. Block usually occurs first in the A–V node, but it may occur in the atrium and



occasionally in the His-Purkinje system (modified Type II). With the Type III response (which is least common), initial slowing occurs in the A–V node, but at critical coupling intervals, sudden and marked prolongation of conduction occurs in the His-Purkinje system. The His-Purkinje system is invariably the first site of block with this pattern. Although it has been stated that any prolongation of His-Purkinje conduction is an abnormal response, it is not. The only requirement for such prolongation to occur is that the FRP of the A–V node be less than the RRP of the His-Purkinje system. Previous studies demonstrated that 15% to 60% of normal patients can show some prolongation of the H–V interval in response to atrial extrastimuli ( 74,75). Infranodal delay or block is more likely to occur at longer basic drive cycle lengths because His-Purkinje refractoriness frequently exceeds the FRP of the A–V node at slower rates. Thus, block below the His bundle in response to an atrial extrastimulus delivered during sinus rhythm may be a normal response. The pattern of conduction (Type I, II, or III) is not fixed in any patient. Pharmacologic interventions (e.g., atropine, isoproterenol, or antiarrhythmic agents) or changes in cycle length can alter the refractory period relationships between different tissues so that one type of response may be switched to another. Atropine, for example, shortens the FRP of the A–V node and allows the impulse to reach the His-Purkinje system during its relative and effective refractory periods. As a result, a Type I pattern could be changed to a Type II or III pattern ( 96). These patterns of A–V conduction can best be expressed by plotting refractory curves relating the coupling intervals of the premature atrial impulse (A 1–A 2) to the responses in the A–V node and the His-Purkinje system. The curves may be drawn in two ways: (a) by plotting A 1–A2 versus H1–H2 and V1–V, which gives the functional input-output relationship between the basic drive beat and the premature beat, and (b) by plotting the actual conduction times of the premature beat through the A–V node (A2–H2) and His-Purkinje system (H1–V2) versus the A1–A2 intervals. Both methods are useful: The former provides an assessment of the functional refractory period of the A–V conduction system, whereas the latter allows one to actually determine the conduction times through the various components of the AVCS. We use both types of curves, but we feel that the latter curve (A 1–A 2 vs. A2–H2 and H2–V 2) allows a purer evaluation of the response to A 2 because, unlike the former curve, the results are not affected by conduction of the basic drive beat. This becomes particularly important when the effects of drugs or cycle length on the conduction of premature atrial impulses are being evaluated. Type I Response Type I response (Fig. 2-38) is characterized by an initial decrease in the H 1–H2 and V1–V 2 intervals as the coupling interval of the premature atrial impulse (A 1–A 2) decreases. During this limited decrease, A–V nodal conduction (A 2–H2) and His-Purkinje conduction (H 2–V 2) are unchanged from the basic drive so that the curve moves along the line of identity. The relative refractory period of the A–V node is encountered at the A 1–A2, at which H1–H2 and V1–V2 move off the line of identity. The H 1–H2 and V1–V 2 curves remain identical, localizing the delay to the A–V node, as shown in the right-hand panel as an increase in the A 2–H2 interval without any change in the H 2–V 2. The curve continues to descend at a decreasing slope as further A–V nodal delay is encountered. At a critical A 1–A2 interval, the delay in the A–V node becomes so great that the H1–H2 and V1–V2 intervals begin to increase. The minimum H 1–H2 and V1–V2 attained define the functional refractory period of the A–V node and entire A–V conduction system. The increase in H 1–H2 and V1–V 2 continues until the impulse is blocked within the A–V node or until atrial refractoriness is reached. A–V nodal conduction (A 2–H2) usually is prolonged two to three times control values before A–V nodal block. The analog records of a typical Type I response are shown in Figure 2-26.



FIG. 2-38. Type I pattern of response to atrial extrastimuli. See text for discussion. BCL = basic cycle length.



Type II Response At longer A 1–A2 intervals, the Type II response ( Fig. 2-39) is similar to the Type I response in that the H 1–H2 and V1–V 2 intervals fall along the line of identity as A 2–H2 and H2–V 2 remain stable. At closer coupling intervals, in addition to an increase in the A 2–H2 interval, H 2–V 2 becomes prolonged as the relative refractory period of the His-Purkinje system is encountered. This prolongation results in divergence of the H 1–H2 and V1–V 2 curves. If the increment in H2–V2 approximates the decrement in A1–A 2, V1–V2 assumes a relatively fixed value, producing a horizontal limb. Aberration is the rule as His-Purkinje conduction delay is encountered. Further shortening of A1–A 2 results in block in either the A–V node or the His-Purkinje system; or in some instances, the effective refractory period of the atrium is reached first. Thus, in the Type II response, the His-Purkinje system determines the functional refractory period of the entire A–V conduction system, whereas the effective refractory period of the A–V conduction system may be determined at any level. The total increase in A–V nodal conduction delay in the Type II is less than twofold, and no ascending limb appears on the H 1–H2 curve.



FIG. 2-39. Type II pattern of response to atrial extrastimuli. See text for discussion.



Type III Response The Type III response (Fig. 2-40) is the least common response to atrial extrastimuli. At longer coupling intervals, conduction is unchanged and the curve decreases along the line of identity. Shortening of A 1–A2 results in a gradual increase in A–V nodal conduction. Further shortening, however, produces a sudden jump in the H 2–V 2 interval, resulting in a break in the V 1–V2 curve, which subsequently descends until, at a critical A 1–A2 interval, the impulse usually blocks within the A–V node or His-Purkinje system. Aberrant conduction invariably accompanies beats with prolonged His-Purkinje conduction times. The functional refractory period of the His-Purkinje system occurs just before the marked jump in H2–V2. The functional refractory period of the A–V conduction system in the Type III pattern is determined by the His-Purkinje system, but the effective refractory period can be determined at any level. As in the Type II response, A–V nodal delay is not great, and no



ascending limb of the H 1–H2 curve appears.



FIG. 2-40. Type III pattern of response to atrial extrastimuli. See text for discussion.



The Atrium as a Limiting Factor in A–V Conduction The effective refractory period of the atrium is not infrequently encountered earlier than that of the A–V node, particularly when (a) the basic drive is relatively slow, a situation that tends to lengthen atrial refractoriness and shorten A–V nodal refractoriness, or (b) the patient is agitated, and his heightened sympathetic tone shortens A–V nodal refractoriness. In our experience with 450 patients, the A–V node was the first site of block in 355 patients (57%), the effective refractory period of the atrium was longest in 150 patients (33%), and the His-Purkinje system was the first site of block in 45 patients (10%). The figures are similar to those of Akhtar et al. (45%, 40%, 15%, respectively) ( 66) but differ somewhat from those of Wit et al. (75) who found the effective refractory period of the atrium to be the longest in only 15% of patients, whereas the A–V node was longest in 70% of patients, and the His-Purkinje system was longest in 15% of patients. Again, autonomic tone at the time of catheterization can markedly affect the percentage of patients whose A–V nodes have the longest refractory periods during antegrade stimulation. The cycle lengths at which these refractory period measurements were made were highly variable, and inconsistent use of sedation, I believe, explains the disparate results. Patterns of Response to Ventricular Extrastimuli Retrograde conduction has been less well characterized than antegrade conduction. The use of the ventricular extrastimulus technique provides a method of systematically evaluating patterns of V–A conduction ( 64,65,66 and 67,69,97). The technique is analogous to that used in antegrade studies and involves the introduction of progressively premature ventricular extrastimuli after every eighth to tenth beat of a basic paced ventricular rhythm until ventricular refractoriness is reached (Fig. 2-32). In patients with A–V dissociation, we employ simultaneous atrial and ventricular pacing during the basic drive to prevent supraventricular captures from altering refractoriness by producing sudden changes in cycle length. Moreover, potential changes in hemodynamics related with A–V dissociation may also affect the reproducibility of refractory period studies. Thus, attention should be given to ensuring a constant 1:1 relationship between ventricular pacing and atrial activation. We have found differences in measured refractoriness based on volume changes. Refractory periods measured during A–V pacing (PR 150–200 ms) were 12.1 ms longer than during simultaneous A and V pacing at cycle lengths  800 ms. Similar stimulation methods must be used, therefore, when drug effects or other interventions are to be compared. Definitions of retrograde refractoriness are given in Table 2-4. Although the functional properties of conduction and refractoriness follow principles similar to those of antegrade studies, the most common site of retrograde delay and block is in the His-Purkinje system ( 65,66,69,97,98). Retrograde conduction to the His bundle is commonly seen even during A–V dissociation owing to nodo-atrial block or during atrial fibrillation ( Fig. 2-41).



FIG. 2-41. Retrograde conduction to the His bundle during A–V dissociation. The right ventricle is being paced at a cycle length (CL; S 1–S 1) of 500 msec. A–V dissociation is present with block in the A–V node A retrograde His bundle deflection (H 1) is noted in the paced beats. As the ventricular extrastimuli are delivered at progressively premature coupling intervals (S 1–S2), progressive delay in retrograde His-Purkinje conduction (S 2–H2) is noted, (A and B). S = stimulus artifact.



Detailed assessment of retrograde conduction was limited in the past by the fact that the His bundle deflection was not uniformly observed during the basic drive, thus making the cases reported relatively selected. More recently, using bipolar electrodes with a 5 mm interelectrode distance and being extremely careful, we have been able to record retrograde His deflections during the ventricular paced drive in up to 85% of our patients. A second limiting factor is that during ventricular extrastimuli the His deflection can be buried within the ventricular electrogram over a wide range of ventricular coupling intervals, therefore making measurements of ventricle to His bundle conduction times impossible in these circumstances. Using even narrower interelectrode distances (e.g., 2 mm) and pacing the para-Hisian right ventricle facilitate observation of His potentials since the His is recorded after the local ventricular electrogram ( Fig. 2-42). This technique, although not widely used, offers the best method of evaluating retrograde His-Purkinje conduction during programmed ventricular stimulation.



FIG. 2-42. Para-Hisian ventricular pacing to identify retrograde His potential. Both panels show response to UPC. In each case UPC is followed by an A–V nodal echo which blocks below the His. On the left, during RV apical pacing the retrograde His cannot be clearly distinguished from local ventricular electrogram (open arrow). On the right, during para-Hisian pacing, a retrograde His is clearly seen prior to the echo beat. See text for discussion.



Since a retrograde His potential may not be observed even at close coupling intervals in approximately 15% to 20% of patients using standard techniques (pacing the right ventricular apex), evaluation of His-Purkinje and consequently A–V nodal conduction is at best incomplete. Furthermore, in the absence of a recorded His bundle deflection during ventricular pacing (H 1), the functional refractory period of the His-Purkinje system (theoretically, the shortest H 1–H2 at any coupling interval) must be approximated by the S1–H2 (S1 being the stimulus artifact of the basic drive cycle length). The rationale for choosing S 1–H2 is the observation in animals and in occasional patients that over a wide range of ventricular-paced rates, S 1–H1 remains constant (Fig. 2-25 and Fig. 2-28) (66,69,97) so that S 1–H2 approximates H1–H2 but exceeds it by a fixed amount, the S1–H1 interval. The typical response shown in Figure 2-43 and Figure 2-44 may be graphically displayed by plotting S 1–S 2 versus the resulting S2–H2, S 2–A 2, and H2–A2, which analyzes the specific pattern of conduction in response to S 2, as well as by plotting S 1–S2 versus S1–H2 and A1–A2, which analyzes the functional refractory period of the V–A conducting system ( Fig. 2-45). As noted, the ability to record a retrograde His deflection during the basic drive greatly facilitates analyzing the location of conduction delays and block. Similar retrograde His potentials and retrograde V–A conduction patterns have been observed during left ventricular stimulation ( Fig. 2-46).



FIG. 2-43. Block within the His-Purkinje system during ventricular stimulation. A–D. Progressively premature ventricular extrastimuli (S 2) are delivered during a paced cycle length (CL) of 700 msec. A retrograde His bundle potential is noted during the paced beats (S 1–H1). B and C. Progressive retrograde His-Purkinje conduction delay appears as S 1–S 2 shortens. D, At an S1–S 2 of 300 msec, block within the His-Purkinje system occurs.



FIG. 2-44. Use of retrograde His to demonstrate site of delay during retrograde stimulation . All panels are arranged as leads 1, aVF, V 1, His bundle electrogram (HBE), and right ventricular apex (RVA). A–D. Progressively premature ventricular extrastimuli (S 1S2) are introduced. The retrograde His deflection as seen on the drive beat (S1H1 = 15 msec) allows one to assess the sites of delay during progressively premature S 1S2. See text for discussion.



FIG. 2-45. Normal pattern of retrograde conduction in response to ventricular extrastimuli. See text for discussion.



FIG. 2-46. Site of His-Purkinje conduction delay during premature stimulation. A–C. Organized from top to bottom as follows: surface leads I, avF (F), and V 1, a high-right atrial electrogram (HRA), His bundle electrogram (HBE), left ventricular electrogram (LV), right ventricular electrogram (RV), and time lines (T). The left ventricular electrogram is being paced (S 1S1) at a basic cycle length of 600 msec. Note that a retrograde His deflection (H 1) can be seen during the basic drive beats and that retrograde His-Purkinje conduction during these beats (S 1H1 = 60 msec) exceeds local ventricular and transseptal conduction time (LV 1–RV1 = 15 msec). A–C. Progressively premature ventricular extrastimuli (S 2) are introduced. A. At a coupling interval (S 1S2) of 425 msec, no retrograde His-Purkinje delay (S 2H2) is seen. B, C. At closer coupling intervals, S 2H2 prolongs without concomitant local ventricular conduction delay. (From: Josephson ME, Kastor JA. His-Purkinje conduction during retrograde stress. J Clin Invest 1978;61:171.)



At long coupling intervals, no delay occurs in retrograde conduction (S 2–A2). Further shortening results in a decrease in A 1–A2 and an increase in S2–A2 intervals. The exact site of this initial delay cannot always be determined because a His bundle deflection may not be observed. Mapping along the right bundle branch (RBB)



shows initial delay in retrograde RBB conduction during right ventricular stimulation. At a critical coupling interval, block in the RBB occurs and retrograde conduction proceeds over the left bundle branch (LBB). In the absence of a recorded retrograde His bundle deflection, the site of initial S 2–A2 delay cannot be inferred to be in the A–V node. As S1–S2 is progressively shortened, a retrograde His deflection (H 2) eventually appears after the ventricular electrogram recorded in the His bundle tracing. Detailed mapping of the RBB and His bundle has demonstrated that when a retrograde His deflection appears after the ventricular electrogram in the His bundle recording (stimulus–H ³ 150 ms) during right ventricular stimulation the His bundle is activated over the LBB with subsequent anterograde activation of the RBB (Fig. 2-47). The RBB potential precedes the His deflection at long coupling intervals and during straight right ventricular pacing since retrograde activation is over the RBB (Fig. 2-48). Simultaneous mapping of the RBB and LBB, which is rarely done, confirms these observations and conclusions made from right-sided recordings alone. The converse of these observations occurs when stimulation is performed from the left ventricle.



FIG. 2-47. Retrograde conduction during ventricular pacing and early coupled ventricular extrastimuli. Leads I, II, V1 are shown with electrograms from the right atrium (RA), proximal (HIS2) and distal (HIS 1) His bundle, distal, mid, and proximal right bundle (RB 1, RB2, RB3 respectively), and right ventricle (RV). Schema is below. During RV pacing (S 1) RB1 is activated early with retrograde spread to the HIS. Following a ventricular extrastimulus (S 2) activation is reversed, going from His to RB. See text for discussion.



FIG. 2-48. Retrograde conduction in the presence of ipsilateral bundle branch block. This figure is organized the same as Fig. 2-47. Schemas are shown below. On the left activation during sinus rhythm with right bundle branch block (RBBB) is present. The open arrow demonstrates the site of RBBB. During ventricular pacing (right panel) retrograde conduction proceeds over the left bundle branch to activate the His bundle with subsequent engagement and block in the RB ( open arrow).



The routes of retrograde His-Purkinje conduction just described have been studied in detail by Akhtar et al. ( 69,99). Their studies included only patients in whom His bundle and right bundle potentials could be recorded; thus it is a selected population. In addition, because most of their patients' retrograde His bundle deflection and right bundle deflection were not seen during the ventricular drive, Akhtar et al. could not adequately determine which bundle branch the ventricular extrastimulus traveled over. Nonetheless, their studies demonstrated that, once a ventricular extrastimulus was delivered such that the retrograde His potential was seen following the local ventricular electrogram, retrograde conduction occurred via the left bundle branch system in the majority of instances (67%). In only 12.5% conduction proceeded over the right bundle branch system, while in the remaining patients, conduction initially proceeded over the right bundle branch at long coupling intervals and then over the left bundle branch at short coupling intervals. Had retrograde His potentials and right bundle potentials been seen during ventricular drive, it is probable that a greater percentage of patients would have had initial conduction over the right bundle with subsequent conduction over the left bundle. This has been our experience almost universally in patients with a normal QRS. In patients who have preexistent antegrade bundle branch block, retrograde block in the same bundle branch is common ( 69,99). Retrograde bundle branch block is suggested by a prolonged V–H interval during a constant paced drive cycle length or late premature beats from the ventricle ipsilateral to the bundle branch block (Fig. 2-48). Thus, with right bundle branch block, right ventricular stimulation will be associated with longer V–H intervals than if pacing were initiated from the left ventricle at a comparable cycle length. In such cases the His bundle deflection will be seen prior to RBB activation proximal to the site of right bundle branch block. In fact, when pacing is instituted from the ipsilateral ventricle, the V–H interval is usually so long that retrograde H's, if seen, are usually observed after the local ventricular electrogram. Once a retrograde His bundle deflection is seen, progressive prolongation of His-Purkinje conduction (S 2–H2) occurs as the S1–S 2 interval decreases. The degree of S2–H2 prolongation varies, but it can exceed 300 msec. In most cases, the increase in S 2–H2 remains relatively constant for each 10-msec decrement in S 1–S2, giving rise to a fixed slope of S 2–H2/S1–S2. The S1–H2 and A1–A2 remain fixed when this occurs (see Fig. 2-45). His-Purkinje refractoriness depends markedly on the cycle length; consistent shortening of S 2–H2 at any given S 1–S2 is noted at decreasing basic drive cycle lengths (S 1–S1) (97). Retrograde input into the A–V node is determined by measuring the S1–H2 interval. Measurement of retrograde A–V nodal conduction time is best taken from the end of the His bundle deflection to the onset of atrial depolarization. In most instances, once a retrograde His bundle deflection appears, the S 1–H2 curve becomes almost horizontal (Fig. 2-45) because the increments in S2–H2 are similar to the decrements in S 1–S2. This response results in a relatively constant input into the A–V node and consequently a fixed retrograde A–V nodal conduction time (H2–A2) (Fig. 2-32 and Fig. 2-45). Occasionally, the increases in S 2–H2 greatly exceed the decreases in S 1–S2, giving rise to an ascending limb on the S1–H2 curve. During the ascending limb, retrograde A–V nodal conduction improves (shorter H 2–A2) because A–V nodal input is less premature (shorter S1–H2). Thus, once a retrograde His bundle deflection is observed, the V–A conduction time (S 2–A2) is determined by His-Purkinje conduction delay (S 2–H2), as demonstrated by parallel S 2–A 2 and S2–H2 curves (Fig. 2-45). As S1–S 2 is decreased further, either block within the His-Purkinje system appears ( Fig. 2-48) or ventricular refractoriness is reached ( Fig. 2-32E). Cycle length, as expected, has a marked effect on the response to ventricular extrastimuli. Shortening the cycle length decreases both the functional and effective refractory period of the His-Purkinje system as well as the ventricular myocardium. The general pattern, however, remains the same, with an almost linear increase in S2–H2 intervals as S 1–S2 is decreased (Fig. 2-49). The curves for S2–H2 versus S1–S2 are shifted to the left, and the curves relating S 1–S2 versus S1–H2 are shifted down.



FIG. 2-49. Cycle length responsiveness of retrograde. His-Purkinje conduction delay. Retrograde His-Purkinje conduction (S 2H 2) in response to variably coupled ventricular extrastimuli (S 1 S2) is compared at two basic cycle lengths (BCL): 700 ms ( ) and 500 ms ( ). At every S1S2, the resultant S2H2 is longer at a BCL of 700 msec. The effective refractory period-ventricular (ERP-V) is also longer at a BCL of 700 msec. The slopes of S 2H2 are similar at both cycle lengths in parallel curves. Inasmuch as the slopes of retrograde His-Purkinje delay are parallel at different cycle lengths, ( A) the curves of resultant minimal outputs (S 1H2) are also parallel. The shorter the BCL, the less the minimal output. (From: Josephson ME, Kastor JA. His-Purkinje conduction during retrograde stress. J Clin Invest 1978;61:171.)



In summary, using His bundle electrograms and right bundle deflections, it is possible to carefully analyze the sequence of retrograde activation from ventricle to atrium. In most patients, conduction proceeds over the left or right bundle branches, then to the His bundle, A–V node, and atrium. With more premature ventricular extrastimuli, the initial delay occurs in the His-Purkinje system. When block first occurs, it is also most likely in the His-Purkinje system. Delay and block can occur in the A–V node, but this is usually less common than that in the His-Purkinje system. Repetitive Ventricular Responses Three types of extra beats may occur in response to ventricular stimulation, and they should be recognized as normal variants. The most common type of repetitive response, which occurs in approximately 50% of normal individuals, is termed bundle branch reentry, which is a form of macroreentry using the His-Purkinje system and ventricular muscle (100,101 and 102). As stated earlier, at constant right ventricular paced rates and during ventricular stimuli at long coupling intervals, retrograde activation of the His bundle occurs via the right bundle branch in patients with normal intraventricular conduction. During right ventricular stimulation at close coupling intervals, progressive retrograde conduction delay and block occur in the RBB such that the retrograde His bundle activation occurs via the LBB. At this point, the retrograde His deflection is usually observed following the local ventricular electrogram. Further decrease in the coupling intervals produces an increase in retrograde His-Purkinje conduction. When a critical degree of retrograde His-Purkinje delay (S 2–H2) is attained, the impulse can return down the initially blocked right bundle branch to excite the ventricles producing a QRS complex of similar morphology to the stimulated complex at the right ventricular apex ( Fig. 2-50 and Fig. 2-51) (65,91,100,101,102,103,104 and 105). Specifically, it will look like a typical left bundle branch block with left axis deviation because ventricular activation originates from conduction over the right bundle branch. This is true even if stimulation is carried out from the right ventricular outflow tract. Similar responses can follow double or triple extrastimuli. Retrograde atrial activation, if present, follows the His deflection, and the H–V interval usually approximates that during antegrade conduction. However the H–V interval may be shorter or greater than the H–V interval during antegrade conduction. The H–V interval depends on (a) the site of His bundle recording relative to the turnaround point (see Fig. 2-50). If the His bundle is recorded proximal to the turnaround, it will be recorded after the impulse has begun to travel down the RBB giving rise to a shorter H–V interval than in sinus rhythm. It will be shorter by twice the time it takes the impulse to reach the His recording site from the turnaround site, assuming antegrade conduction remains unaltered; (b) antegrade conduction down the RBB. If conduction down the RBB is slowed, the H–V interval can be prolonged. The H–V interval of the bundle branch reentrant beat, therefore, reflects the interplay of these factors.



FIG. 2-50. Schema of bundle branch reentry. Schematically shown are the A–V node (AVN), His bundle (HIS), right bundle branch (RBB), and left bundle branch (LBB). A ventricular extrastimulus is delivered at V 2, which blocks in the right bundle. Conduction proceeds across the ventricles, up the LBB, and if enough time is elapsed, the RBB has time to recover and the impulse to conduct through the RBB to produce V 3. See text for discussion.



FIG. 2-51. Demonstration of bundle branch reentry. A–C. Organized as 1, aVF, V 1, and electrograms from the high-right atrium (HRA), His bundle (HBE), and right ventricular apex (RVA). At a basic drive of 400 msec, progressively premature extrastimuli are delivered. A retrograde H can be seen during the drive beats. A. At a premature ventricular coupling interval of 250 msec, retrograde His-Purkinje delay is manifested by prolongation of the V-H to 140 msec. B. The V–H increases to 150 msec. C. At a coupling interval of 230 msec, the retrograde His-Purkinje delay reaches 165 msec and is followed by a bundle branch reentrant (BBR) complex. The H–V interval during this complex is 165 msec (15 msec greater than during sinus rhythm). Note that the QRS of the BBR has a left bundle branch block left axis deviation. See text for discussion.



Electrophysiologic features that suggest that this extra beat is in fact due to bundle branch reentry follow: 1. The extra response is always preceded by a retrograde His deflection and is abolished when retrograde block below the His bundle recording site is achieved, a phenomenon that may occur with simultaneous right and left ventricular stimulation ( Fig. 2-52). Moreover, preexcitation of the His bundle to produce block below the His bundle also prevents the repetitive response ( Fig. 2-53).



FIG. 2-52. Prevention of bundle branch reentry by simultaneous right and left ventricular stimulation. From top to bottom are ECG leads 2 and V1, and electrograms from the high-right atrium (HRA), His bundle (HBE), right ventricle (RV), and left ventricle (LV). A. A right ventricular premature stimulus (S 2) is delivered at a coupling interval of 300 msec during ventricular pacing (S 1–S1) at a cycle length of 800 msec, resulting in bundle branch reentry (BBR), as previously described. B. Simultaneous right and left ventricular stimulation at the same coupling intervals as in A failed to induce BBR. Simultaneous stimulation of the opposite ventricle renders the retrograde limb of the BBR pathway (LV conduction system) refractory, thereby abolishing reentry. (From: Farshidi A, Michelson EL, Greenspan AM, et al. Repetitive responses to ventricular extrastimuli: incidence, mechanism, and significance. Am Heart J 1980;100:59.)



FIG. 2-53. Abolition of bundle branch reentry by preexcitation of the His bundle. The panels are organized from top to bottom as ECG leads 2 and V 1, and coronary sinus (CS), His bundle (HBE), right ventricular (RV), and left ventricular (LV) electrograms. A. A premature RV stimulus (S2) at a coupling interval of 300 msec results in bundle branch reentry (BBR). B. S2 is again delivered at a coupling interval of 300 msec, but no BBR occurs. BBR is prevented by a spontaneous sinus complex preceding V2, which conducts through the A–V node to preexcite the His bundle by 50 msec, thereby rendering it refractory to retrograde activation. The supraventricular impulse blocks below the His bundle and no ventricular response occurs. (From: Farshidi A, Michelson EL, Greenspan AM, et al. Repetitive responses to ventricular extrastimuli: Incidence, mechanism, and significance. Am Heart J 1980;100:59.)



2. Although the H–V interval preceding the extra beat usually approximates the H–V interval of sinus beats, a reciprocal relationship exists between the V 2–H2 and H 2–V 3 intervals. Thus, at the onset of reentry, shorter V 2–H2 intervals are associated with longer H 2–V3 intervals. Progressive shortening of the coupling intervals results in longer V 2–H2 intervals, which are then followed by shorter H 2–V3 intervals. The H 2–V3 interval reflects recovery of the right bundle branch-Purkinje-muscle junction following initial block in that area. 3. This macroreentrant phenomenon during right ventricular stimulation is uncommon in patients with a preexisting complete right bundle branch block on the surface ECG (100). 4. During bundle branch reentrant complexes produced by right ventricular stimulation with a left bundle branch block configuration, the retrograde His bundle deflection (H 2) precedes that of antegrade right bundle potential (RB 2), which further supports activation of the His system via the left bundle ( Fig. 2-54). In rare instances, the repetitive response will show a right bundle branch block configuration and the retrograde RBB potential will precede the His bundle deflection, suggesting bundle branch reentry initially proceeds over the right bundle and down the left bundle ( Fig. 2-55). Bundle branch reentry with a right bundle branch block configuration is the rule during left ventricular stimulation. These types of repetitive responses can be noted during atrial fibrillation or in the absence of A–V conduction (Fig. 2-56).



FIG. 2-54. Initiation of bundle branch reentry. The figure is organized as Fig. 2-47. During ventricular pacing (S 1) retrograde conduction goes over the RBB (note spike of RBB in RB1 preceding RB2, RB3, and HIS. With a ventricular extrastimulus (S 2), retrograde block is seen in the RBB ( open arrow), conduction goes over the LBB to the His and down the RBB to reexcite the ventricle and initiate bundle branch reentry (see schema below).



FIG. 2-55. Bundle branch reentry showing both a right bundle branch block and left bundle branch block pattern . Trading is arranged from top to bottom as leads 1, 2, and V1, along with electrograms from the coronary sinus (CS), His bundle (HB), and right bundle (RB). A. A right ventricular extrastimulus is delivered in which



conduction proceeds up the right bundle and then returns to the ventricle over the left bundle branch system giving rise to a right bundle branch block configuration. Note right bundle potential precedes the His bundle potential following S 2. B. At closer coupling intervals, typical bundle branch reentry occurs with the extrastimulus blocking in the right bundle, going retrogradely up the left bundle to return to the ventricles over the right bundle. In this instance note that H 2 precedes RB2. (From: Akhtar M, Denker S, Lehmann MH, Mahmud R. Macro-reentry within the His-Purkinje system. PACE 1983;6:1010.)



FIG. 2-56. Presence of bundle branch reentry during atrial fibrillation. A, B. remature ventricular extrastimuli delivered during atrial fibrillation result in critical S 2–H2 prolongation and bundle branch reentry. The production of this type of echo does not depend on A–V nodal participation.



In patients with normal hearts, bundle branch reentry is rarely sustained and usually is self-terminating in one or two complexes. The most common reason for failure to sustain bundle branch reentry is a retrograde block in the left bundle branch system. Rarely, conduction will proceed retrogradely to the His bundle, and block will then occur in the right bundle branch ( Fig. 2-57). Sustained bundle branch reentry is rarely observed in patients with a normal QRS; however, it is a not uncommon phenomenon in patients with preexisting conduction defects, producing a form of ventricular tachycardia (see Chap. 11) (100). Nonsustained bundle branch reentry occurs in patients with and without heart disease and is unrelated to the presence of spontaneous arrhythmias. The only factor influencing the ability to demonstrate bundle branch reentry is the presence of antegrade bundle branch block during sinus rhythm. Farshidi et al. ( 101) from our laboratory showed that only 2 of 35 patients with right bundle branch block and 1 of 17 patients with left bundle branch block demonstrated bundle branch reentry during ventricular stimulation. A variant of bundle branch reentry is intrafascicular reentry. This universally occurs in patients with preexistent complete right bundle branch block and either left anterior or posterior fascicular “block” on the ECG ( Fig. 2-58). The fascicular “block” is usually due to very slow conduction. Ventricular extrastimuli can conduct up the slowly conducting fascicle and down the “good” fascicle, giving rise to an extra beat that looks almost identical to the sinus complex. Atrial premature beats can also produce such repetitive responses by causing transient block in the slowly conducting fascicle. Conduction proceeds over the “good” fascicle and can return up the blocked fascicle if it has recovered. This often results in sustained reentry, producing a hemodynamically untolerated ventricular tachycardia. Since the turnaround point is always a distance below the His bundle, the H–V interval is always less than the H–V interval during sinus rhythm by at least 25 msec ( Fig. 2-59). In addition, if recorded, an LBB potential will precede the His potential ( Fig. 2-59).



FIG. 2-57. Termination of bundle branch reentry by antegrade block in the RBB. ECG leads 1, 2, 3, and V 1 are shown with electrograms from the high-right atrium (HRA), proximal and distal His bundle (HISp, HISd), proximal to distal coronary sinus (CS), right ventricular outflow tract and apex (RVOT, RVA). A ventricular extrastimulus from the RVA at 310 msec initiates bundle branch reentry, which does not sustain because of antegrade block in the RRB (below His).



FIG. 2-58. Schema of intrafascicular reentry. Activation during sinus rhythm is shown on the left. Intrafascicular reentry is shown on the right. The impulse conducts down the anterior fascicle and up the posterior fascicle to form a sub-Hisian circuit. This is in contrast to bundle branch reentry, which uses the RBB as the retrograde limb that turns around at the distal His to conduct down one or both fascicles. See text for discussion.



FIG. 2-59. Analog recordings of intrafascicular reentry. ECG leads are shown with recordings from the His bundle (HBE), LBB, and RV.



In normal patients, the second most common repetitive response to single ventricular extrastimuli is a ventricular echo that is due to reentry within the A–V node (65,67,69,103,104 and 105). This phenomenon, which occurs in approximately 15% of patients, is identical to that occurring during ventricular pacing (see Fig. 2-26). In fact, if such repetitive responses are noted in response to ventricular extrastimuli, they can invariably be produced by ventricular pacing, during which they are more commonly observed. This type of echo appears when a critical degree of retrograde A–V nodal delay is achieved. In most instances a critical degree of A–V nodal delay is achieved before the appearance of a retrograde His deflection beyond the local ventricular electrogram. If one can see the retrograde His deflection during the ventricular drive, one can occasionally note a retrograde His deflection during the ventricular extrastimulus and can measure the retrograde H 2–A 2 interval (Fig. 2-60). At a critical H 2–A2 or, in some instances when the His deflection cannot be seen, V 2–A 2 interval, an extra beat with a normal antegrade QRS morphology results (Fig. 2-60). Atrial activity also precedes the His deflection before the extra QRS complex. This phenomenon may occur at long or short coupling intervals and depends only on the degree of retrograde A–V nodal delay. The presence of retrograde block within the His-Purkinje system will prevent its occurrence, as will block within the A–V node. If a retrograde His bundle deflection can be seen throughout the zone of intervals, one can frequently see a reciprocal relationship between the H 2–A 2 interval and the A 2–H3 interval (compare Fig. 2-60A and Fig. 2-60C). This supports the fact that this echo is due to reentry within the A–V node. These patients therefore have dual A–V nodal pathways. The ventricular echo is produced by retrograde conduction up the slow pathway and antegrade conduction down the fast pathway (see Chap. 8).



FIG. 2-60. Repetitive responses that are due to A–V nodal reentry. A–C. Leads 1, aVF, V 1, and electrograms from the right ventricular apex (RVA) and His bundle (HBE). The basic drive cycle length is 600 msec when progressively premature ventricular extrastimuli (S 2) are delivered. Note the presence of a retrograde His deflection on the basic drive complexes. A. An S2 delivered at 500 msec results in retrograde H–A delay (compare H 2–A2, H1–A 1) and an A–V nodal echo (H 3–V3). B. As S1–S2 is shortened to 460 msec, the retrograde His becomes lost in V 2. H2–A2 must have been similar to that in panel A, because A 2–A 3 in A and B are comparable. C. When S 1–S2 is shortened to 360 msec, however, marked delay occurs in V 2–H2. This results in more time for A–V nodal recovery so that H 2–A2 decreases. As H 2–A 2 decreases, the incidence of fast pathway shortens, and the A 2–H3 increases. The reciprocal relationship between H 2–A 2 and A2–H3 can therefore be seen because of the ability to note a retrograde His deflection.



The third type of repetitive ventricular response that can be observed consists of those that are due to intraventricular reentry occurring distant from the site of stimulation. Most often, this occurs in the setting of a cardiac pathologic condition, particularly coronary artery disease with prior infarction. These repetitive responses usually occur at short coupling intervals and may have any morphology, but are more often right bundle branch block than left bundle branch block in patients with prior myocardial infarction. In normal patients using single ventricular extrastimuli at twice threshold, repetitive responses occur less than 15% of the time and up to 24% with double extrastimuli. This is in marked contrast to patients with prior ventricular tachycardia and fibrillation and cardiac disease, in whom repetitive intraventricular reentry occurs in 70% to 75% of instances in response to single or double extrastimuli. The incidence of repetitive responses increases when increasing number of stimuli, increasing number of drive cycle lengths, and increasing number of stimulation sites are used. When these responses last for several beats, they are frequently polymorphic, and in occasional instances they may even degenerate into ventricular fibrillation. In patients without prior clinical arrhythmias, such responses have not been found to have clinical significance ( 101,106,107,108 and 109). The repetitive intraventricular reentrant responses that one observes are usually nonsustained (1–30 complexes) and typically polymorphic. As noted, in occasional instances polymorphic tachycardias may degenerate to ventricular fibrillation. These should be considered “normal” responses and should not be treated in patients with normal hearts and no clinical ventricular arrhythmias. This is in contrast to the induction of sustained monomorphic tachycardia by routine or even aggressive stimulation techniques, which in my opinion remains highly specific, occurring only in those populations of patients who have had sustained monomorphic tachycardia; symptoms compatible with this arrhythmia (e.g., syncope); and/or a substrate known to produce this arrhythmia, that is, recent myocardial infarction or old infarction, particularly with aneurysm. In the latter two instances, one may occasionally induce a uniform tachycardia that has not been seen before the electrophysiologic study. The clinical significance of these tachycardias remains to be evaluated by long-term follow-up. However, it can be stated in general that in the absence of spontaneous ventricular arrhythmias, and of acute infarction or a large ventricular aneurysm, ventricular stimulation rarely produces a uniform sustained ventricular tachycardia. The significance of induction of never-before-seen monomorphic ventricular tachycardia in patients with a substrate is a matter of continuing debate. Recent data suggest that such responses may be predictive of future events (refs Madit POSt mi, see Chap. 11). Multiple mechanisms may be responsible for repetitive responses in the same individual. Almost always, one of these will be bundle branch reentry. In the presence of coronary disease and prior infarction with spontaneous arrhythmias, bundle branch reentry frequently accompanies and often introduces intraventricular reentrant responses. Less commonly but also observed are the presence of bundle branch reentry and A–V nodal reentry, an example of which is shown in Figure 2-61. In this figure two repetitive responses are produced in response to an extrastimulus delivered from the right ventricular apex. The first is associated with V–H prolongation and has a configuration similar to that of pacing. The second has a normal QRS complex and is due to typical A–V nodal reentry with retrograde conduction during the bundle branch reentrant complex up the fast pathway, which subsequently conducts antegradely down the slow pathway to produce the second ventricular echo that is due to A–V nodal reentry. The responses terminate by block in the A–V node. Induction of A–V nodal reentry by ventricular stimulation is most common by this mechanism (see Chap. 8).



FIG. 2-61. The presence of both bundle branch reentry and A–V nodal reentry in response to a single ventricular extrastimulus . Leads 1 and V1 are shown with electrograms from the high-right atrium (HRA), coronary sinus (CS), His bundle (HBE), and right ventricular apex (RVA). At a drive cycle length (S 1S1) of 660 msec and a ventricular extrastimulus coupling interval (S 1S2) of 230 msec, marked retrograde His-Purkinje delay is observed and followed by a bundle branch reentrant complex. Simultaneously, retrograde conduction appears up the fast A–V nodal pathway and subsequently returns down the slow A–V nodal pathway to give rise to a typical A–V nodal echo, which terminates in the antegrade slow pathway (see Chap. 8 for further discussion).



Safety of Ventricular Stimulation In more than 10,000 patients undergoing ventricular stimulation, I have observed that the induction of clinically irrelevant malignant ventricular arrhythmias, including ventricular fibrillation, can occur in patients who have not had spontaneous episodes of these arrhythmias. It may even occur in patients without heart disease. The induction of these nonclinical ventricular arrhythmias is directly related to the aggressiveness of the stimulation protocol. If a single extrastimulus were delivered at only one drive cycle length, such malignant arrhythmias would be rare, and even nonsustained ventricular tachyarrhythmias would be extremely uncommon. However, the use of two, three, or four extrastimuli delivered at multiple drive cycle lengths and from multiple sites in the right and occasionally left ventricle can result in the induction of nonsustained ventricular tachyarrhythmias (or ventricular fibrillation) in 40% to 50% of patients ( 106,107). As a consequence, we have curtailed our stimulation protocol, limiting it to two extrastimuli, when patients without a clinical history compatible with malignant ventricular arrhythmias are studied. Where the induction of a lethal arrhythmia may have a clinical counterpart, more aggressive stimulation protocols will be used (see Chap. 11). It is important to note that the use of increased current may also produce nonclinical, and potentially lethal, arrhythmias. As a result, we continue to do our stimulation at twice threshold with 1-msec pulse width. In my opinion, pulses greater than 2 msec have not been shown to be safe. We currently use high current strengths in two circumstances. The first is when we are determining strength-interval curves. In this instance, we use high current strengths only with a single extrastimulus. Even this has led to sustained ventricular arrhythmias in one patient who had not had a similar arrhythmia spontaneously. We also use high current to overcome drug-induced prolongation of refractoriness to assess the presence and mechanism of effective antiarrhythmic therapy (see Chap. 13). We have observed an increased incidence of nonclinical arrhythmias using this protocol with up to three extrastimuli. Thus, it is apparent that great care must be used during ventricular stimulation, particularly when more than two extrastimuli are delivered. The entire electrophysiologic team, physicians and technicians, should be aware of the potential induction of lethal sustained arrhythmias when aggressive stimulation protocols are used. Comparison of Antegrade and Retrograde Conduction Available data suggest that antegrade conduction is better than retrograde conduction in the majority of patients ( 64,65 and 66). However, exact comparisons of antegrade and retrograde within different segments of the A–V conducting system cannot be made because of the inherent limitations of current techniques. Most obvious is the inability to record a His bundle deflection during ventricular stimulation. In its absence, the exact site of conduction delay or block cannot be ascertained; that is, one cannot distinguish retrograde His-Purkinje from A–V nodal delay. Furthermore, the exact retrograde input to the A–V node (H 1–H2) cannot be determined. We overcome this problem by using narrower bipolar recording electrodes. Retrograde His deflections can now be recorded in the vast majority of patients with normal QRS complexes. Even when a His bundle deflection is recorded, exact comparisons of antegrade and retrograde A–V nodal conduction cannot be made, because it is not possible to determine the exact point at which an antegrade atrial impulse enters the A–V node. The A–H interval is only an approximation of A–V nodal conduction time; it is a measurement with a recognizable output time (the onset of the His bundle deflection) but no finite input. Retrograde measurement of A–V nodal conduction may be more accurate because the time of input can be defined by the end of the His bundle deflection and because the output is readily defined by the earliest onset of atrial activity. In an analogous fashion, one cannot determine the site at which the ventricular stimulus enters the His-Purkinje system. During right ventricular stimulation, the site of entry certainly differs from the site of exit during antegrade conduction (i.e., the left ventricular endocardium). Furthermore, the measurement of retrograde His-Purkinje conduction includes an unknown and variable amount of time for the impulse to travel from the site of ventricular excitation to a site of entry into the His-Purkinje system. Finally, it is uncertain whether or not the same areas within the His-Purkinje system are stressed by antegrade and retrograde stimulation; that is, the actual site of antegrade and retrograde conduction delay and/or block may differ. Those factors invariably result in V–H intervals that are longer than H–V intervals at comparable cycle lengths and that preclude direct comparison of antegrade and retrograde His-Purkinje conduction times. From a practical standpoint, prediction of the patterns of retrograde conduction from antegrade conduction patterns is not always possible. The response to incremental pacing at two cycle lengths may differ because of the opposite effects of cycle length on A–V nodal and His-Purkinje refractoriness. During incremental atrial and/or ventricular pacing, the A–V node is normally the site of conduction delay and block because progressive shorter cycle lengths produce progressive increases in A–V nodal refractoriness. In response to extrastimuli, however, any site may be associated with conduction delay or block. Although these sites may be markedly influenced by the drive cycle length, most commonly, delay or block occurs in the A–V node in response to atrial extrastimuli and in the His-Purkinje system during ventricular stimulation. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38. 39. 40. 41. 42. 43. 44. 45. 46. 47.
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Disorders of sinus node function are an important cause of cardiac syncope. Approximately 50% of permanent pacemakers implanted at our own and other institutions are for the specific treatment of bradyarrhythmias, caused by sinus node dysfunction. This number is increasing as the number of elderly people in our population rises. This has been associated with an increase in symptomatic disorders of sinus node dysfunction, particularly the bradycardia-tachycardia syndrome. Clinical disorders of sinus node dysfunction can be characterized as abnormalities of automaticity or conduction, or both. Automaticity refers to the ability of pacemaker cells within the sinus node to undergo spontaneous depolarization and generate impulses at a rate faster than other latent cardiac pacemakers. Once generated, the impulses must be conducted through and out of the sinus node to depolarize the atrium. Delay or failure of conduction can occur within the sinus node itself or at the sinoatrial junction in the perinodal tissue. The methods by which sinus node automaticity and conduction are evaluated include ECG monitoring, atrial stimulation techniques, and direct recording of the sinus node. The assessment of the influence of autonomic tone on these parameters can provide additional information concerning inherent sinus node function.



ELECTROCARDIOGRAPHIC FEATURES OF SINUS NODE DYSFUNCTION Because no method is currently available to directly record sinus node activity from the body surface in humans, noninvasive evaluation of sinus node automaticity and conduction must be made by indirect methods. Therefore, we attempt to assess sinus function electrographically by analyzing the frequency and pattern of atrial depolarization, that is, P-wave morphology, frequency, and regularity. Sinus Bradycardia When persistent and unexplained, sinus bradycardia (a rate less than 60 beats per minute [bpm]) is said to reflect impaired sinus automaticity. The value of 60 bpm, an arbitrary one, is extremely nonspecific, and it has led to the misclassification of many normal persons as abnormal. Kirk and Kvorning analyzed the ECGs of 482 consecutive patients admitted to the general medicine service; their results suggested that a rate of less than 60 bpm would classify one-third of all men and one-fifth of all women as abnormal (1). A study that involved 24-hour Holter monitoring of 50 healthy medical students revealed that all the students had sinus bradycardia at some time during the 24-hour period and that 26% of the students had significant sinus bradycardia (a rate less than 40 bpm) during the day ( 2). Because autonomic tone plays such an important role in determining the sinus rate, we believe that an isolated heart rate of less than 60 bpm should not be considered abnormal, particularly in asymptomatic people, unless it is persistent, inappropriate for physiologic circumstances, and cannot be explained by other factors. Sinus bradycardia usually results in dizziness, fatigue, mental status changes, and dyspnea on exertion if chronotropic insufficiency is marked. Sinoatrial Block and Sinus Arrest Both sinus arrest and exit block are definite manifestations of sinus node dysfunction. Although sinoatrial block is a conduction disturbance, it remained unsettled whether sinus arrest actually reflects impaired or absent sinus automaticity or varying degrees of sinus exit block. Recently, use of direct recordings of the sinus node has allowed one to ascertain the cause of the such pauses (see later section in this chapter entitled Sinus Node Electrogram). Symptoms are uncommon unless pauses are marked. When this happens, syncope can occur. Bradycardia–Tachycardia Syndrome In our own experience and the experience of others, the bradycardia–tachycardia syndrome is the most frequently encountered form of symptomatic sinus node dysfunction, and it is associated with the highest incidence of syncope. ( 3) The syncope is generally associated with the marked pauses following the cessation of paroxysmal supraventricular tachyarrhythmias that occur in the setting of sinus bradycardia (primarily atrial fibrillation). Of importance is the recognition that a prolonged asystolic period occurring in the setting of any form of sinus node dysfunction also implies impaired function of lower (nonsinus) pacemakers. The drugs used to prevent atrial fibrillation or control its rate are often responsible for the symptomatic bradycardias following cessation of the arrhythmia, and hence, the need for pacemakers. Syncope is much rarer in patients with isolated sinus bradycardia. When these patients are symptomatic, it is usually fatigue or dyspnea on exertion. Syncope in patients with isolated sinus bradycardia is usually neurocardiac. Autonomic reflex abnormalities consistent with neurocardiac syncope (see below) are usually present when syncope occurs in patients with isolated sinus bradycardia ( 4).



ELECTROCARDIOGRAPHIC MONITORING OF PATIENTS SUSPECTED OF HAVING SINUS NODE DYSFUNCTION If a random ECG in a patient with episodic symptoms is normal, prolonged (24-hour) ECG monitoring is the next step in evaluating sinus node function. Unfortunately, most episodes of syncope or dizziness are paroxysmal and unpredictable, and even 24-hour monitoring may fail to include a symptomatic episode. The use of event recorders has improved our ability to correlate symptoms with sinus node dysfunction. In cases with infrequent episodes of syncope, an implantable event recorder is now available. It must be interrogated as a pacemaker currently, but in the near future, it will have automatic detection. Although asymptomatic sinus bradycardia may be noted frequently, its significance remains uncertain. The appropriateness of the sinus rate relative to the physiologic circumstances under which it occurs is critical in deciding whether there is an abnormality of sinus automaticity. The frequency and clinical significance of sinus pauses have been studied ( 4,5). Sinus pauses greater than or equal to 2 seconds were found in 84 (2.6%) of 3259 consecutive 24-hour Holter monitor studies ( 4). The pauses ranged from 2 to 15 seconds. The length of pause correlated poorly with symptoms and did not predict death. Most pauses were asymptomatic, whereas in the remainder, pauses could have produced symptoms. Pacemakers did not benefit asymptomatic people and failed to prevent dizziness, presyncope, and syncope in one-third of the patients in whom such symptoms were felt to be secondary to the pauses. In a second study of 6470 Holters, 0.3% had sinus pauses greater than or equal to 3 seconds ( 5). Only one patient was symptomatic during a pause. All patients did well without a pacemaker. Other studies have demonstrated pauses >2 sec in 11% normals and in one-third of trained athletes ( 6,7 and 8). Despite the limitations of retrospective studies, these data suggest that although rare, sinus pauses equal to or greater than 3 seconds, particularly when asymptomatic, need not be treated. As noted above, syncope in such instances is more likely neurocardiac in origin (Alboni). However, demonstration of symptomatic unexplained sinus bradycardia, long asystolic periods following paroxysmal tachyarrhythmias, sinus exit block, or sinus arrest is diagnostic of sinus dysfunction and may obviate the need for further diagnostic evaluation. Furthermore, 24-hour monitoring and/or event recorders can exclude sinus node dysfunction, atrioventricular (A–V) block, or cardiac arrhythmias as



causes of syncope by demonstrating sinus rhythm during an attack.



ASSESSMENT OF AUTONOMIC TONE The response of the sinus node, including heart rate and heart rate variability, to changes in autonomic tone should be assessed in all patients suspected of having sinus node dysfunction. The assessment can be made pharmacologically by evaluating the response of the sinus node to atropine, isoproterenol, and propranolol. The effects of “pharmacologic denervation” can be evaluated after the concurrent administration of atropine and propranolol. The response to carotid sinus massage may be diagnostically useful in patients with syncope that is due to carotid sinus hypersensitivity in which there is a heightened response to vagal stimuli. Exercise testing offers another method of assessing sinus node response to enhanced sympathetic tone ( 9). Atropine (1 to 3 mg) is the most widely used agent to assess parasympathetic tone. The normal response is an acceleration of heart rate to greater than 90 bpm and an increase over the control rate of 20% to 50% ( 10,11,12,13,14,15,16 and 17). Most patients with symptomatic sinus node dysfunction exhibit a blunted response to atropine (11,13,17,18). Failure to increase the sinus rate to above the predicted intrinsic heart rate (IHR, see following discussion) following 0.04% mg/kg of atropine is diagnostic of impaired sinus node automaticity. In our experience, patients with asymptomatic isolated sinus bradycardia commonly show a normal or sometimes exaggerated chronotropic response. Isoproterenol (1 to 3 mg/min) produces sinus acceleration of at least 25% in normal people ( 10,11 and 12,17,19). An impaired response to isoproterenol correlates well with a blunted heart rate response to exercise observed in some patients with sinus node dysfunction ( 9). The response of some patients with suspected sinus node dysfunction to isoproterenol is occasionally normal or even exaggerated. Such responses are not unexpected because the chronotropic responses to exercise in those patients is usually normal. This exaggerated response may represent a form of denervation hypersensitivity, with basal bradycardia that is due to a low resting sympathetic tone in contrast to a primary lack of responsiveness to sympathetic stimulation. Propranolol has not been extensively studied in patients with the sick sinus syndrome. In normal persons, propranolol (0.1 mg/kg, up to 10 mg) produces a 12% to 22.5% increase in sinus cycle length ( 20,21 and 22). A similar (17.4%) increase in sinus cycle length has been noted in a study of 10 patients with symptomatic sinus node disease (17). Thus, the chronotropic response to propranolol is usually no different in patients with and those without sinus node dysfunction, suggesting that sympathetic tone and/or responsiveness is intact in most patients with sinus node dysfunction at rest. Pharmacologic denervation using atropine (0.4 mg/kg) and propranolol (0.2 mg/kg) has been used to determine an IHR ( 23,24 and 25). Tonken et al. (26) have suggested that lower doses (.03 mg/kg of atropine and .15 mg/kg of propranolol) are sufficient. The effects of this autonomic blockade peak after 5 minutes and are usually stable for 30 minutes. The IHR is age dependent in persons 15 to 70 years old, and it can be defined by the regression equation: IHR = 117.2 – (0.57 × age) bpm (Fig. 3-1). Thus, the normal response to autonomic blockade usually results in an increase in heart rate. Because a depressed IHR correlates well with other abnormalities of sinus node function, the determination of the IHR in patients with isolated sinus bradycardia may more accurately identify patients who truly have sinus node dysfunction from those who have enhanced parasympathetic tone ( 27).



FIG. 3-1. Relationship of intrinsic heart rate to age. The stippled area delineates the normal range ± 2 SD of intrinsic heart rate at different ages. (From: Jose AD. Effect of combined sympathetic and parasympathetic blockade on heart rate and cardiac function in man. Am J Cardiol 1966;18:476.)



This is evident from observations that tests of sinus node function are more often positive in patients with abnormal IHR (see later chapter). The IHR correlates well with the rate of the denervated sinus node of transplanted hearts ( 28). Following autonomic blockade, the sinus cycle length is stable and allows for more reproducible results when electrophysiologic perturbations are employed (see following discussion). The response to atropine alone may provide as much information and obviate the need for propranolol. Failure of the sinus rate to accelerate above the predicted IHR is diagnostic of abnormal sinus automaticity. Carotid sinus pressure (CSP) with ECG monitoring occasionally reveals patients in whom paroxysmal dizziness and/or syncope is due to a hypersensitive carotid sinus (see later section in this chapter entitled Vagal Hypersensitivity Syndromes). Pauses in excess of 3 seconds in response to 5 seconds of CSP are said to be abnormal and may be responsible for such symptoms. Similar pauses, however, may be observed in asymptomatic elderly people. We have observed ³3 second pauses in 40% of asymptomatic patients ³70 years old. Wellens (personal communication) has a similar experience. Thus, the use of CSP may give false-positive results. Only if pauses are long and produced symptoms identical to those occurring spontaneously should therapy be based on this isolated finding. Even then, all other potential causes of syncope should be ruled out. Other tests of autonomic reflexes include baroreceptor reflexes, valsalva maneuver, and, most commonly, the upright tilt test (see below). Exercise testing using a Bruce or modified protocol has demonstrated that many patients with sinus node dysfunction have a blunted response to exercise when compared to controls at comparable oxygen consumption, but significant overlap exists. A chronotropic assessment protocol that focuses on intermediate work loads (3-5 METs) is more appropriate since symptomatic individuals have their symptoms at such activity. Even so, I believe too much overlap exists to rely on heart rate alone. Symptoms must be related to the inadequate heart rate.



ELECTROPHYSIOLOGIC EVALUATION OF SINUS NODE FUNCTION The evaluation of sinus node function should include the assessment of sinus automaticity and sinoatrial conduction as well as the effects of physiologic and pharmacologic interventions on these properties. Unfortunately, most methods used for these tests provide only indirect and impure analysis of sinus node automaticity and conduction. Notwithstanding, because of their widespread use, a description of these electrophysiologic tests follows. It is imperative that one understands the limitations of these tests if they are to be used to help make clinical decisions. The tests used to evaluate sinus node function have been recently evaluated by Benditt et al. Sinoatrial Conduction Time The response of the sinus node to induced atrial premature depolarizations (APDs) has been used as an indirect method to evaluate sinoatrial conduction (17,29,30,31,32,33 and 34). This method of evaluation involves the introduction of progressively premature APDs (A 2) after every eighth to tenth beat of a stable sinus rhythm (A1–A1) and measurement of the first (A 2–A 3) and second (A3–A4) return cycles. Measurement A3–A4 allows one to assess the presence of depression of automaticity, which may be responsible for a variable component of the first return cycle. Four zones of response to APDs have been identified ( Fig. 3-2). They can be best demonstrated by plotting the coupling interval of the APD (A 1–A2) versus the return cycle (A 2–A3) (Fig. 3-3). Many investigators prefer to normalize those values by dividing them by the spontaneous sinus cycle length (A 1–A1) and deriving a percentage.



FIG. 3-2. Response of the sinus node to atrial premature depolarizations (APDs). Four zones of response are seen. A 1–A1 is the spontaneous sinus cycle length. In zone 1 an APD (A2) delivered late in the cardiac cycle does not affect the sinus node, as manifested by the next sinus beats (A 3) occurring on time. In zone II, a more premature A2 results in resetting of the sinus node so that A3 occurs early although A 2–A3 is greater than A 1–A1 owing to conduction time between the atrium and sinus node. In zone III, A 2 results in a return cycle (A 3) that is early. Since A 2–A 3 is less than A 1–A1, i.e., A2 is interpolated. In zone IV, A 2 results in an even earlier return cycle, so that A 1–A2 + A2–A3 < A 1–A1 is consistent with sinus node reentry. See text for discussion.



FIG. 3-3. Graphic display of sinus node response to atrial premature depolarizations (APDs). The spontaneous sinus cycle length (SCL) is 800 msec. The coupling intervals of the APD (A 1–A2) are plotted on the abscissa, and the first return cycles (A 2–A3, open circles) and the second return cycles (A 3–A4, open triangles) are plotted on the ordinate. The upper and lower diagonal lines represent the lines of full compensatory pause [A 1–A3 = 2(A1–A1)] and complete interpolation (A 1–A 3 = A1–A 1), respectively. The horizontal dashed line is the SCL. In zone I, the responses fall along the line of compensatory pauses. In zone II they move off the line of compensatory pauses and produce a plateau in the curve. The difference between the A 2–A3 of the plateau and the SCL is presumed to represent conduction time into and out of the sinus node. One-half of this difference is therefore taken as the sinoatrial conduction time (SACT). In zone III the return cycles lie between the line of complete interpolation and the SCL, and in zone IV the return cycles fall below the line of interpolation. ERP–A = atrial effective refractory period. See text for further discussion.



Zone I is the range of A 1–A 2 intervals at which the return cycle (A 2–A3) is fully compensatory—that is, A 1–A2 + A2–A 3 (A1–A3) = 2 (A1–A 1) (Fig. 3-4A). Zone I usually occurs in response to APDs falling in the last 20% to 30% of the spontaneous cycle length. Zone I is variously referred to as the zone of collision, interference, or nonreset because the mechanism of the response is a collision of the spontaneous sinus impulse with the stimulated atrial impulse (A 2). Because the sinus pacemaker is therefore unaffected by A 2, the subsequent sinus beat occurs “on time.”



FIG. 3-4. Analog records of zones I and II. From top to bottom: ECG leads I, and V1 and intracardiac electrograms from the high-right atrium in the area of the sinus node (HRA) and at the His bundle recording sight (HBE). The sinus cycle (A1–A1) is 580 msec. A. An APD (A2) is delivered at a coupling interval (A1–A2) of 370 msec. The return cycle (A3) is fully compensatory. B. At a shorter coupling interval (A1–A2 = 250 msec), the return cycle falls along the plateau of zone II. The A2–A3 (790) – A1–A1 (580) = conduction time of A2 into and out of the sinus node (210 msec); that is, SACT = 105 msec.



Zone II is the range of A 1–A2 intervals at which reset of the sinus pacemaker occurs, resulting in an A 2–A 3 that exceeds the basic sinus cycle. However, the sum of A1–A 2 and A2–A3 (A1–A 3) is less than 2 (A 1–A1); that is, it is less than compensatory ( Fig. 3-4B). Zone II is a zone of long duration, typically occupying 40% to 50% of the cardiac cycle. In most patients, the pause (A 2–A3) remains constant throughout zone II, producing a plateau in the curve. The plateau results because A 2 penetrates the sinus node and resets the pacemaker without changing pacemaker automaticity. Because the duration of the return cycle (A 2–A3) depends on conduction time into and out of the sinus node and sinus automaticity, the difference between A 2–A3 and A1–A 1 has been taken as an estimate of total sinoatrial conduction time. Conventionally, it has been assumed that conduction into and out of the sinus node is equal, resulting in the calculation of sinoatrial conduction time (SACT) as A2–A 3–A1–A/– 2 (Fig. 3-5) (25). Data suggest, however, that this assumption is not valid. Although some investigators initially demonstrated that conduction into the node is slower than conduction out of the node, later data showed that this is not true during sinus rhythm. Studies in isolated rabbit atria using multiple simultaneous microelectrodes have shown that conduction time out of the sinus node is greater than conduction time into the node ( 35,36,37 and 38). These data using multiple microelectrode recordings obviate many of the limitations of earlier studies and are probably correct. Direct recording from the sinus node confirms this (see following). Under certain conditions, however, conduction time into the node is slower than out of the node. Conduction time into the node is determined by an unquantifiable extent by conduction through atrial and perinodal tissue, which in turn is related to the distance of the site of stimulation from the sinus node and atrial refractoriness. Therefore, the site of stimulation is critical. The farther the site of stimulation from the sinus pacemaker site, the greater the overestimation of SACT. In addition, the more premature an APD, the more likely it will encroach on perinodal and/or refractoriness, which will slow conduction into the node. Early APDs commonly cause pacemaker shift to a peripheral latent pacemaker, which can excite the atrium earlier because of its proximity to that tissue; hence, conduction out of the node appears more rapid (36,38,39,40 and 41). Despite these limitations, for practical purposes the SACT is a reasonable estimate of functional SACT, providing that stimulation is performed as close as possible to the sinus node and the measurement is taken when a true plateau is present in zone II. We usually take the measurement in the first third of zone II responses. In our laboratory, where patients range from 12–98 years of age, the normal SACT ranges from 45–125 msec.



FIG. 3-5. Assumptions in the calculation of sinoatrial conduction time. SCL = sinus cycle length; SAN = sinoatrial node; PNZ = perinodal zone; A = atrium; CT = conduction time; A1–A1 = SCL; A2 = atrial premature depolarization; and A3 = sinus return cycle. See text for further discussion.



SACT appears to be independent of spontaneous cycle length ( 34,42), although one report has shown an inverse relationship ( 46). Marked sinus arrhythmia invalidates the calculation of SACT by APDS, because it is impossible to know whether the return cycle is as a result of spontaneous oscillation or a result of the induced APD. In the presence of mild sinus arrhythmia, this limitation may be partially overcome by performing multiple tests at each coupling interval. Still, the presence of even small degrees of sinus arrhythmia may produce errors in the measurement of SACT. In an attempt to eliminate the effects of sinus arrhythmia, two other methods have been employed. Narula et al. proposed that brief (eight-beat) periods of atrial pacing at rates just above sinus should be used instead of atrial extrastimuli delivered during sinus rhythm ( 47). The difference between the postpacing pause and the sinus cycle length would equal the SACT. The Strauss ( 17) and Narula methods (47) are schematically compared in Figure 3-6. Preliminary data from Breithardt and Seipel comparing the two methods demonstrate that they are not always equivalent ( 48). Other studies show a reasonable correlation ( 45,49,50). Reasons for differences may relate to the paced cycle length used for the Narula method. Inoue et al. found that the correlation is best if pacing is performed 100 msec less than the sinus cycle length (50). If pacing is performed within 50 msec of the sinus cycle length, sinus acceleration occurs ( 51). Thus, the postpacing sinus cycle length should be used as the control cycle length to compute the SACT if the Narula method is used. Other problems with both techniques include depression of automaticity, pacemaker shifts, sinus entrance block, and shortening of sinus action potential leasing to earlier onset of phase 4, each of which can give misleading results. We have found both techniques to give fairly comparable results in normal persons, particularly (but not necessarily) when cycle lengths of at least 50 msec less than sinus are used (Fig. 3-7). A second method for circumventing sinus arrhythmia is the use of atrial extrastimuli during atrial pacing. Kirkorian et al. ( 52) showed a close correlation of this method and the Strauss method. Further studies are required to corroborate these findings. Most studies using normal persons have shown that atropine with or without propranolol shortens the SACT unrelated to its effect on heart rate ( 18,42,43 and 44,53 and 54).



FIG. 3-6. Schematic of Strauss method and Narula method for determining sinoatrial conduction time. A and B. The Strauss method (SM). C. The Narula method. Each panel shows the sinus node (SN), sinoatrial junction (SAJ), and atrium (A). A. Sinus rhythm (NSR) is shown with A1–A1 equal in the sinus rate. B. An extrastimulus (A2) is delivered at 700 msec. It takes approximately 100 msec to read the sinus node, which gives rise to A3. The conduction into and out of the sinus node is assumed to be 100 msec, giving an A2–A3 of 1200 msec. C. Atrial pacing (AP) for eight beats at a cycle length of 950 msec is performed with the sixth, seventh, and eighth paced complexes (Ap) shown. The last Ap takes 100 msec to get to the sinus node, resets the sinus node, leading to the subsequent atrial impulse. The SACT 100 msec also is depicted as an Ap-A interval of 1200 msec.



FIG. 3-7. Analog records comparing the Strauss and Narula methods for determining sinoatrial conduction time (SACT). A and B. From top to bottom, leads 1, aVF, and V1, electrograms from the high-right atrium (HRA), His bundle electrogram (HBE), proximal and distal coronary sinus (CS p, CSd), and right ventricular apex (RVA) are shown. Time lines = T. A. The sinus cycle length approximates 695 msec. A premature stimulus (arrow, s) delivered at 505 msec resents the sinus node. The SACT reveals difference between the return cycle length and the sinus cycle of 90 msec divided by 2 = 45. B. The same patient is paced at a cycle length of 675 msec leading to a postdrive return cycle length of 805 msec followed by a sinus cycle length of 705 msec. The 100 msec difference divided by 2 gives rise to an SACT of 50 msec. Thus, in this patient the two methods are comparable. T= time line.



In an occasional patient in response to progressively premature APDs, A 2–A3 either continuously increases or increases after a brief plateau phase (in either instance, the pause remains less than compensatory). The progressive increase in A 2–A3 during this zone may be due to any of the following factors, either singly or in combination: (a) suppression of sinus pacemaker automaticity, (b) shift to a slower latent pacemaker, or (c) increase in conduction time into the sinus node that is due to A2 encountering perinodal tissue refractoriness. Thus, we recommend that the earliest third of zone II be used to measure the SACT because it is less likely to introduce errors that are due to any of those three factors. Analysis of postreturn cycles (A 3–A4) may provide insight into changes in automaticity or pacemaker shift (41,55). An A3–A4 greater than A 1–A1 suggests depression of automaticity; in this instance, SACT calculated from A 2–A3 yields an overestimation of the true SACT. Correction or exclusion of SACT using A 2–A3 in the presence of an A3–A4 greater than A 1–A 1 is necessary. In this case, using A 3–A4 as the basic sinus cycle length to which A2–A3 is compared will help correct a falsely prolonged SACT if A 2–A3 were related to the prior sinus cycle length (A 1–A 1). Zones III and IV are ranges of A 1–A2 at which the A2–A 3 shortens to less than A 1–A1. Two types of early responses are found in these zones. The responses in zone III are termed complete and incomplete interpolation, and they include those in which A 2–A3 is less than A1–A 1 and A1–A3 is less than 2 (A1–A1) (see Fig. 3-3). The coupling interval at which incomplete interpolation is first observed defines the refractory period of the perinodal tissue. Some investigators refer to this as the sinus



node refractory period. In this instance, A 3 represents delay of A1 exiting the sinus node, which has not been affected. The A 1–A2 at which complete interpolation is observed probably defines the effective refractory period of the most peripheral of the perinodal tissue, because the sinus impulse does not encounter refractory tissue on its exit from the sinus node. In this instance, A 1–A 2 + A2–A3 = A1–A 1, and sinus node entrance block is said to exit. In our laboratory, zone II responses can be seen in 15% of patients using the Strauss method. This has ranged from 13% to 46% ( 30,52,56). In two studies using atrial pacing and premature stimuli to evaluate SACT and “sinus node refractoriness,” zone III responses were observed in 65% and 85% ( 52,57). They also demonstrated an increase in sinus node refractoriness at decreasing paced cycle lengths. Increased perinodal refractoriness may have been responsible for their high incidence of zone III responses. Kerr and Strauss (57) found the refractory period of the sinoatrial node to be 325 ± 39 msec at a paced cycle length of 600 msec in normals and 522 ± 20 msec at the same cycle length in patients with sinus node dysfunction. Autonomic blockade shortens the refractory period. More work is necessary to establish the utility of these measurements. A second type of early response, which defines zone IV is due to sinus node reentry. This response by definition occurs when A 1–A2 + A2–A3 is less than A 1–A1 (Fig. 3-8) and the atrial activation sequence and P-wave morphology are identical to sinus. Dhingra et al. ( 30) found sinus node reentry in 11% of patients. In our laboratory, the incidence of this finding is similar (10%).



FIG. 3-8. Sinus node echo in response to atrial premature depolarization (APD). ECG leads 1, aVF and V1 are displayed with electrograms from the high-right atrium (HRA), coronary sinus (CS), His bundle (HBE), and right ventricular apex (RVA). An APD (A 2) is introduced at a coupling interval of 335 msec. There is an early return beat (A 3), with an atrial activation sequence and P-wave morphology identical to that of sinus rhythm. Since the A 1–A3 (650 msec) is less than the spontaneous sinus cycle length (790 msec), A 3 is probably due to reentry in the region of the sinus node.



A wide range of “normal” values of SACT has been reported ( Table 3-1). This, in large part, reflects the inherent limitations of these indirect methods. Even after autonomic blockade, the range of “normals” reflects the previously described failability of the assumptions of indirect measurements as well as the variability of pacing site relative to the site of sinus impulse formation.



TABLE 3-1. Normal Upper Limits for Sinoatrial Conduction Time (SACT*, msec)



Sinus Node Electrogram In view of the limitations of indirect methods to assess sinoatrial conduction and the assumptions that are necessarily required to derive the SACT, a method of directly recording a sinus node electrogram was developed by Cramer et al. ( 58), who identified extracellular potential changes associated with directly recorded electrical activity of the sinus pacemaker in isolated rabbit atria. Further work using endocardial recordings from the intact canine heart confirmed the ability to record diastolic phase 4 slope, followed by slow upstroke culminating in a rapid atrial electrogram ( 59). Subsequently, several investigators developed techniques to record electrograms from human subjects with and without sinus node dysfunction (45,60,61 and 62). To record sinus node electrograms, one can use catheters with 0.5- to 1.5-cm interelectrode distances. Two techniques have been employed; in one the catheter is positioned at the junction of the superior vena cava and right atrium in the region of the sinus node, and the other—which appears more reliable and from which more stable recordings can be obtained—requires that the catheter be looped in the right atrium with firm contact at the region of the superior vena cava and atrial junction ( Fig. 3-9). This latter method, which produces firm contact against the atrial wall, produces an atrial injury potential simultaneously with the recording of the sinus node electrogram. The reported frequency for obtaining node electrograms ranges considerably, from 40% to 90%. Those studies using methods similar to the second method report higher success rates. In addition, filter settings play a prominent role in the ability to record stable electrograms that are not obscured by marked baseline drift. Use of low end (high pass filters) of less than .1 Hz (.01 to .05 Hz) is associated with marked baseline drift and difficulty in interpretation of the recordings. Use of low end filter settings of 1 Hz or more produces diminution or loss of the sinus node electrogram. Thus, the low end filter used should be between .1 and .6 Hz. The high end or low pass filter frequency can be set at 20 or 50 Hz, the latter being more commonly employed. The signal then must be gained using a range of 50 to 100 µV/cm. Using these techniques, which are time consuming, a stable sinus node electrogram without significant baseline shift can be recorded. However, in my opinion, the frequency and ease with which this recording can be made have been exaggerated. We obtained stable sinus node electrograms in only 50% of an unselected population of patients. It has been recognized that factors that produce encroachment of the T and U wave on the P wave make it difficult to record and/or measure sinus node electrograms. These factors include sinus tachycardia, prolonged A–V conduction, long QT syndromes, and large prominent U waves. If such patients are included in the unselected population of patients in whom sinus node electrogram requirements are attempted, the incidence of adequate recordings will be markedly diminished. Baseline drift is an important problem in preventing the recording of stable electrograms for measurements. Such drifts are more marked in young children and in those with significant cardiopulmonary disease and exaggerated respirations. Such baseline sinus drift can be obviated by using a low end filter frequency of .6 Hz.



FIG. 3-9. Schema of methods for obtaining sinus node electrograms. The right atrium is depicted with a catheter in the region of the sinus node. Tricuspid valve (TV), coronary sinus (CS), and right atrial appendage (RA) are shown. In the left panel, where the catheter is merely positioned with the tip touching the region of the sinus node, one gets a sinus node electrogram (SNE) and calculated sinoatrial conduction time (SACT), as shown in the upper left. On the right, a second method of obtaining the sinus node electrogram is shown with a catheter-looped positioning the recording electrodes at the sinus node area. The pressure caused by the looped catheter produces more of a monophase type of signal with a calculated SACT, as shown in the upper right.



The SACT is measured as the interval between the pacemaker prepotential on the local electrogram and the onset of the rapid atrial deflection ( Fig. 3-10). When SACT is normal, a smooth upstroke slope merges into the atrial electrogram ( Fig. 3-10). When sinoatrial conduction is slowed, an increasing amount of the sinus node potential becomes visible before the rapid atrial deflection is inscribed. Sinoatrial block is said to occur when the entire sinus node electrogram is seen in the absence of a propagated response to the atrium. These patterns are schematized in Figure 3-11. Validation of sinus node electrograms has included (a) the ability to record in only a local area ( 45,61,62), (b) loss of the upstroke potential during overdrive atrial pacing ( 45,63), and (c) the persistence of sinus node electrograms (with or without prior prolongation) following carotid sinus pressure (CSP), following induced pauses, or during pauses following overdrive suppression ( 45,64,65). This latter finding in fact both defines and validates the concept of sinoatrial exit block. Another aspect of the sinus node electrogram that has been evaluated is the total time of diastolic depolarization ( 63).



FIG. 3-10. Schematic illustration showing the direct measurement of sinoatrial conduction time (SACT). A schematic copy of a sinus node electrogram (SNE) is shown. On the SNE, high-right atrial depolarization (A), ventricular depolarization (V), the T wave (T), and the sinus node potential (SN) are identified. In the second beat, reference lines are drawn through the point at which the SN potential first becomes evident and the point at which atrial activation begins. The SACT is the interval between these two reference lines. (From: Reiffel JA, Gang E, Gliklich J, et al. The human sinus node electrogram: a transvenous catheter technique and a comparison of directly measured and indirectly estimated sinoatrial conduction time in adults. Circ 1980;62:1324.)



FIG. 3-11. Schematic illustration of sinus node and atrial activity. Three panels showing various sinoatrial activity are depicted. Normal sinoatrial conduction is shown on top. After the upstroke slope, atrial activation is recorded on the sinus node electrogram (SNE) and reference high-right atrial electrogram (ATR). The thin vertical lines delineate the sinoatrial conduction time (SACT), which is measured from the onset of the upstroke slope to the onset of atrial activity in the ATR. In the middle, first-degree sinoatrial block is shown. The SACT is prolonged; that is, the distance between onset of the upstroke slope in the SNE and atrial activation is prolonged. Note that the upstroke slope on the SNE rises to a peak ( arrow) and then rolls off before atrial activation. The delay in sinoatrial conduction permits more of the contour of the sinus node potential to be inscribed on the SNE before it becomes obscured by atrial activation. On the bottom is shown second-degree sinoatrial block. The second sinus node depolarization is visualized but is not followed by atrial activation. (Adapted from: Reiffel JA, Gang E, Gliklich J, et al. The human sinus node electrogram: a transvenous catheter technique and a comparison of directly measured and indirectly estimated sinoatrial conduction time in adults. Circ 1980;62:1324.)



The major values of this technique have been (a) to improve our understanding of physiologic phenomena related to sinus node function and (b) to allow us to understand the values and limitations of indirect measurements of SACT and sinus node recovery time (SRT). As previously mentioned, the development of pauses during sinus rhythm has either been called sinus arrest or sinus exit block, depending on whether the next sinus impulse or impulse is a multiple of the basic sinus cycle length. The use of sinus node electrograms has shown us that in most instances sinoatrial block is present because persistence of the sinus node electrogram at similar or slightly slower rates has been observed ( Fig. 3-12). This can also be seen following carotid sinus massage (see Vagal Hypersensitivity Syndromes later in this chapter). The use of the sinus node electrogram has demonstrated the limitation of the use of overdrive pacing as a means to evaluate sinus node automaticity. The pauses that follow overdrive suppression, particularly the long pauses associated with sinus node dysfunction, have in almost all instances been shown to have some component of sinus node exit block (complete or partial) with or without impaired sinus automaticity (see Sinus Node Recovery Time, later in this chapter) (45,64).



FIG. 3-12. The response to carotid sinus massage. ECG leads I, aVF, and V1 are recorded simultaneously with a sinus node electrogram (SNE) and a His bundle electrogram (HBE). The onset of carotid sinus massage as well as the presence of a blocked sinus node depolarization (labeled S–A exit block) and A–V nodal block of the following atrial depolarization ( right-hand end of tracing) during carotid sinus massage. Note also the presence of the atrial repolarization waves ( upward heavy arrows) and minimal manifestation of ventricular T waves (heavy downward arrows). T-wave activity is absent following the blocked atrial depolarization ( right end of tracing). Last, note the change in the atrial depolarization configuration and slight change in the P wave in lead aVF of the blocked atrial complex, suggesting that this beat may not be conducted from the sinus node (an ectopic complex) or is using a different route out of the node (From: Reiffel JA, Bigger JT Jr. Current status of



direct recordings of the sinus node electrogram in man. PACE 1983;6:1143.)



Several studies have been undertaken to compare the SACT measured by indirect methods (both the Strauss [17] and Narula method [47]) with the directly recorded SACT. These studies have shown a good correlation between indirect and direct methods in patients without and with sinus node dysfunction ( 45,61,62,65). In addition, the patterns and degree of inaccuracy associated with indirectly measured SACT have been reported by Reiffel et al. ( 55). A lengthened post return cycle (A3–A4) with respect to the basic sinus cycle suggests suppression of automaticity and an overestimation of SACT when the indirect methods are used. In this instance, use of A 3–A 4 as the “new” sinus cycle can correct for the overestimation. In the presence of sinoatrial entrance block, indirect methods cannot measure sinoatrial conduction. Finally, the effect of early APDs or sinoatrial conduction during zone III responses (i.e., complete and incomplete interpolation) can only be determined by direct recordings. Recent data have also shown that sinoatrial conduction is directly related to the sinus cycle length, and this relationship persists during periods of vagal tone. This helped resolve the question of what the effect of sinus cycle length of SACT was, a problem previously unresolved by indirect methods. Limited studies have been conducted of patients with sinus node dysfunction in whom both indirect and direct methods have been compared. The study by Gomes et al. (45) is the most detailed and shows a good correlation between directly measured SACT and that as made by the indirect techniques. However, in individual instances there were some discrepancies. It is of interest, however, that the range of normal values of directly recorded SACT was 60 to 112 msec in the study by Gomes et al. (45) and 46 to 116 msec in the initial study by Reiffel et al. ( 61). These are remarkably similar to the values previously reported using indirect techniques (Table 3-2). This suggests that differences in autonomic tone make this measurement inherently variable. No data are available in an age matched, control population analyzing sinus node electrograms after autonomic blockade.



TABLE 3-2. Diagnostic Evaluation of Sinus Node Function



Sinoatrial Conduction Time in Patients with Sick Sinus Syndrome We and others have found the SACT to be an insensitive indicator of sinus node dysfunction ( 14,25,27,62), because it has been prolonged in only 40% of our patients with clinical findings of sinus node dysfunction. Like sinus node recovery time (SRT), SACT is least likely to be abnormal in patients with isolated sinus bradycardia (17,34). In patients with sinus exit block and/or the bradycardia-tachycardia syndrome, the SACT is more frequently abnormal, positive responses being noted in as many as 78% of those patients (34). In a comparison of SACT and SRT in patients with sinus pauses, Strauss et al. ( 33) found that corrected SRT was more commonly abnormal than SACT (80% vs. 53%). This may reflect differences in what is being measured by both tests; that is, SRT includes SACT plus an unknown degree of depression of automaticity. Thus, it is apparent that those patients with evidence of sinus node dysfunction undergoing ECG long-term monitoring are most likely to have abnormalities by electrophysiologic testing. A prolonged zone I response or even failure to reset the sinus node may occasionally be observed in patients with documented sinus dysfunction. This is most likely the result of prolonged perinodal refractoriness, which prohibits premature impulses from penetrating and resetting the sinus node. Studies using direct recordings of SACT are necessary to evaluate conduction from the sinus node under such circumstances. Another response more commonly noted in patients with clinical sinus dysfunction is the progressive lengthening of A 1–A 3, resulting in either abbreviation or abolition of the plateau portion of the curve ( 66,67). Combined abnormalities of sinus automaticity and sinoatrial conduction are probably responsible for this phenomenon, the clinical significance of which is unknown. Atropine shortens the SACT in most patients with sinus node dysfunction, occasionally to normal values ( 42,43 and 44,53,68). Dhingra et al., however, noted a variable response with a decrease in 56% of patients and an increase in return cycles in 44% of patients with sick sinus syndrome ( 18). The increase probably results from improvement in retrograde conduction into the sinoatrial node, resulting in depression of automaticity. Sinus Node Recovery Time Suppression of pacemaker activity by driving the heart at a faster rate was first noted by Gaskell ( 68). The mechanism of overdrive suppression of the sinus node remains unclear; factors that appear to be involved include the release of acetylcholine, the efflux of potassium from cells during rapid atrial pacing, activation of electronic sodium pump, and altered calcium exchange across the membrane ( 69,70,71 and 72). The degree of prolongation of postdrive cycles in excess of control cycle lengths has been assumed to reflect a degree of depression in sinus node automaticity. The SRT, however, is a more complex event, and many factors besides automaticity are involved. They include (a) proximity of the stimulation site to the sinus node, (b) local concentrations of acetylcholine and norepinephrine, and (c) conduction time into and out of the sinus node. In particular, sinoatrial conduction can significantly affect the SRT. Because conduction time to and from the atrial stimulation site and the sinus node can be as much as 250 msec, it may be a major component of the SRT. Moreover, sinus node entrance block during rapid atrial may lead to a shortening of the SRT, whereas sinus node exit block after cessation of rapid atrial pacing may result in a marked prolongation of the SRT. Despite these reservations, the SRT is probably the best and most widely used test of sinus node automaticity—and perhaps of overall function (10,13,33,34,43,44,55,43,44,45,46, 47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75 and 76). Performance of SRT requires stimulation of the right atrium near the sinus node at progressively shorter cycle lengths, starting at cycle lengths just below sinus. It is imperative that at least one minute be allowed between paced cycle lengths to ensure full recovery of the sinus node. High and low atrial electrograms are usually simultaneously recorded to enable one to determine whether escape beats at the termination of pacing originate from the sinus node. Confirmation of the sinus node as the origin of the escape beats depends on demonstration of a similar P-wave morphology and atrial activation sequence to that observed during sinus rhythm before atrial pacing. Changes in P-wave morphology and/or atrial activation sequence suggest a shift of pacemaker. Such shifts represent a limitation to all indirect methods of assessing sinus node function. Several intervals have been used as a measure of the recovery time. They include (a) maximum sinus node recovery time (SRT = the longest pause from the last paced atrial depolarization to the first sinus return cycle at any paced cycle length), (b) corrected SRT (CSRT = SRT – sinus cycle length), (c) SRT/sinus cycle length, and (d) total recovery time (TRT = time to return to basic sinus cycle length). In addition, the presence of junctional escapes and sudden unexpected pauses during the recovery period should be noted. Because resting sinus cycle length has a major influence on the SRT, we believe some form of adjustment for the sinus cycle length should be made. Normal values used in several laboratories for SRT are listed in Table 3-3. The marked differences in reported “normal” values probably reflect differences in patient populations with respect to autonomic tone and structural cardiac disease as well as to differences in methodology. Our normal values are CSRT less than 550 msec, SRT/NSR × 100% less than 150%, and TRT less than 5 seconds (usually by the fourth to sixth recovery beat).



TABLE 3-3. Normal Values (msec) for Maximum Sinus Node Recovery Time (SNRT max) and Maximum Corrected Sinus Node Recovery Time (CSNRTmax)



Although we initially used the regression equation derived for SRT that takes into consideration the basic sinus cycle length as suggested by Mandel et al. ( 10), use of a CSRT is simpler and takes into account the basic sinus cycle length. Using Mandel's ( 10) regression equation, the value of the first sinus cycle following termination of pacing is considered prolonged if it exceeds a value equal to 1.3 (mean spontaneous cycle length) + 101 msec, a value derived by plotting the maximum first escape cycle length against the control spontaneous cycle length ( Fig. 3-13) (10). A normal response is shown in Figure 3-14. The basic sinus cycle length is 720 msec (upper panel). The maximum SRT occurred following a paced atrial cycle length of 400 msec (bottom panel). The calculated values are SRT 1120 msec; CSRT, 400 msec, percentage of SRT over sinus cycle length, 156%; and TRT, 2.5 seconds. Note that despite normal values of SRT, CSRT, and TRT, the percentage of SRT over sinus cycle length is slightly prolonged. This prolongation may occur when the spontaneous sinus cycle length is less than 800 msec and thus should not be used in such circumstances.



FIG. 3-13. Relationship of maximum sinus node recovery time to spontaneous sinus cycle length. At any spontaneous sinus cycle length, the normal sinus node recovery time (SRT) ± 2 SD should fall to the right of the stippled area (From: Mandel W, Hayakawa H, Allen HN, et al. Evaluation of sinoatrial node function in many by overdrive suppression. Circ 1971;44:59.)



FIG. 3-14. Normal sinus node response (NSR) to rapid atrial pacing. See text for details. BCL = basic cycle length.



Because the SRT has been shown to be proportional to the control sinus cycle length, in my opinion the CSRT is the most useful of the measurements just discussed. It may be normal in the presence of a prolonged SRT, particularly in the presence of a long basic sinus cycle length. For example, if the basic sinus cycle length is 1200 msec, and the maximum SRT is 1600 msec, some laboratories would consider it an abnormal response ( Table 3-1). However, the CSRT of 400 msec is well within normal limits. Thus, when sinus node recovery from overdrive suppression is evaluated, some consideration must be given to the basic sinus cycle length. Normally, there is gradual warm-up (shortening of cycle length) following the cessation of overdrive pacing until the control sinus length is achieved (see Fig. 3-14). Usually, the control sinus length is achieved in four to six beats, giving a TRT of less than 5 seconds. It is not unusual to find oscillation of recovery cycle lengths before full recovery, but the pattern of oscillation of sinus cycle length shortening should fall within the limits described by Benditt and his associates ( Fig. 3-15) (77). A greater frequency of oscillation occurs at higher paced rates ( 10,42,54,74,76,77). Tonkin, Heddle, et al. ( 54,76) recently developed a nonlinear mathematical model to predict the pattern of overdrive recovery and to evaluate the effects of pacing on both sinoatrial conduction time and automaticity. This sophisticated technique is, however, limited by (a) effects of change in autonomic tone that are due to the hemodynamic consequences of pacing; (b) changes in P-wave morphology suggesting a change in pacemaker location and/or exit; (c) sinoatrial entrance block; and (d) secondary pauses. These are also limitations common to all methods analyzing the response to overdrive suppression. Although the utility of such an algorithm needs to be established, the CSRT and pattern of resumption to a stable sinus cycle length certainly are a measure of the effect of overdrive pacing on both sinoatrial conduction and automaticity.



FIG. 3-15. The limits of the normal recovery response for the first 10 postpacing cycles in patients with mean sinus cycle length greater than 800 msec. The normal limits ± 2 SD of postpacing recovery cycles are determined by dividing the maximum recovery time for each post return cycle by the mean spontaneous sinus cycle length (SCL). The normalized mean value (1.0) and the 2 SD bars for variation in spontaneous cycle length are shown to the left of the vertical bar. Note that the



gradual return toward SCL is usually completed by the fifth or sixth postpacing cycle. Marked pauses falling outside the 2-SD limits during the second to tenth return cycles suggest an abnormality of sinus node function. (From: Benditt DG, Strauss HC, Scheinman MM, et al. Analysis of secondary pauses following termination of rapid atrial pacing in man. Circ 1976;54:436.)



Sudden and marked secondary pauses occurring during sinus recovery are abnormal and in most instances reflect changes in sinoatrial conduction; however, a change in automaticity with or without pacemaker shift is also possible. Because these secondary pauses represent abnormalities of sinus function and because they occur more frequently following rapid pacing, atrial pacing should be carried out at rates up to 200 bpm. Use of the sinus node electrogram has helped resolve this issue. Several investigators have demonstrated sinoatrial exit block of variable duration to be the primary mechanism of prolonged pauses with a lesser component of depression of automaticity ( Fig. 3-16) (45,62,64). Both may, and often do, coexist. This can clearly be demonstrated by persistence of sinus node electrograms during pauses. These studies suggest that in normal situations the CSRT is always a composite of sinoatrial conduction time and sinus automaticity. If the mean CSRT is 320 msec and SACT is 85 msec, and we assume a time into the sinus node of 60 msec, it is quite apparent that almost half of the measured CSRT is a reflection of sinoatrial conduction and atriosinus conduction and not of sinus node automaticity. It is impossible to predict to what extent sinoatrial conduction and depression of automaticity contribute to the pauses noted in any individual, and only through the use of sinus node electrograms can this be adequately assessed. Similar persistence of sinus node electrograms during pauses following carotid sinus pressure suggests sinus exit block as the mechanism of these pauses (see Vagal Hypersensitivity Syndromes, following) (45,62,64).



FIG. 3-16. Effects of overdrive pacing on sinoatrial conduction and automaticity. From top to bottom are shown the His bundle electrogram (HBE), sinus node electrogram (SNE), high-right atrial electrogram (HRA), and surface leads 1, 2, 3, and V 1. Following the last stimulated complex of overdrive pacing (s, arrow), a long pause ensues. Five sinus node electrograms can be seen, the first four of which demonstrate progressive shortening of the intrasinus node electrogram cycle length followed by a pause. This suggests complete sinoatrial block as well as intrasinus Wenckebach-type block. (Adapted from: Asseman P, Berzin B, Desry D, et al. Persistent sinus nodal electrograms during abnormally prolonged postpacing atrial pauses in sick sinus syndrome in humans: sinoatrial block vs. overdrive suppression. Circ 1983;68:33.)



The normal sinus node is suppressed by as little as 15 seconds of atrial pacing at rates greater than sinus. Increase in the duration of pacing to 30, 60, 120, 180, or 300 msec has not been shown to alter the maximum SRT in normal patients (10,73). The SRT is proportional to the paced rate (and inversely proportional to paced cycle length) up to heart rates of 130 to 150 bpm, at which point shortening of the return cycle is commonly noted ( Fig. 3-17) (10). The mechanisms for the shortening may include (a) hemodynamic factors with reflex acceleration of the sinus rate in response to hypotension, (b) local release of catecholamines, and (c) entrance block of some of the paced atrial beats into the sinus node. In 1986 Nalos et al. ( 78) demonstrated that autonomic blockade abolishes reflex acceleration of the sinus node in response to pacing induced hypotension. Following autonomic blockade, the CSRT increases as the paced cycle length is decreased.



FIG. 3-17. Typical relationship of sinus node recovery time (SRT) to paced cycle length in a normal person. The paced cycle length (PCL) (abscissa) is plotted against recovery time (ordinate). SRT is shown by the open circles, and corrected sinus node recovery time (CSRT) is shown by the open triangles. There is a progressive increase in SRT and CSRT at shorter PCL, reaching a peak at a PCL of 400 msec. Further shortening of the PCL results in a decrease in recovery time. See text.



Gang et al. (79) and Engel et al. (80) have demonstrated a good relationship between the pause following such rapid pacing and spontaneous pauses following termination of tachycardias in patients with the tachycardia-bradycardia syndrome. Studies in our laboratory do not show a precise relationship between the duration of laboratory-produced and spontaneous pauses following cessation of tachycardias. However, because the rate at which the maximum SRT occurs is unpredictable, and because maximum pauses in patients with the sick sinus syndromes are likely to occur on cessation of spontaneous supraventricular arrhythmias, we recommend that pacing begin at rates just above sinus and continue to rates of 200 bpm (cycle length of 300 msec). We also suggest that they be done at least twice at each paced cycle length, preferably for different durations (30, 60, and/or 120 seconds) to ensure that sinus entrance block has not obscured the true SRT. The duration of maximum SRT and CSRT are independent of age (10,12,34,74,75). Effect of Atropine and Autonomic Blockade on Sinus Node Recovery Time in Normal Persons Atropine in 1-to-3-mg doses has been shown to markedly diminish the SRT and in most cases the CSRT; however, some evidence of overdrive suppression always remains present (10,42,67,73). Furthermore, the marked oscillations that are frequently noted following rapid paced rates are abolished by atropine ( 10,74,75). Atropine occasionally results in the appearance of junctional escapes before sinus escape in normal patients. This phenomenon occurs most frequently in healthy young men with borderline slow heart rates in whom lower doses (1 mg) of atropine are given. When such junctional escape rhythms do occur, they are short-lived, lasting less than 10 beats. We do not believe the appearance of a junctional rhythm should be considered an abnormal response. Failure of the sinus rate to increase is the expression of abnormal sinus function. The use of propranolol and atropine to obtain the IHR also results in a shortening of the CSRT as well as sinus cycle length and SACT (27,43,44). Results of Atrial Pacing in Patients Suspected of Having Sinus Node Dysfunction Prolonged SRT and/or CSRT has been found in 35% to 93% of patients suspected of having sinus node dysfunction ( 11,13,17,33,34,73,75,81,82,83,84 and 85). The most important reason for the wide discrepancy is probably the difference in the patient populations studied. Those investigations that included a higher number of patients with isolated sinus bradycardia, particularly if asymptomatic, have the lowest incidence of positive responses ( 34,73,85). In fact, Breithardt demonstrated no significant differences of CSRT between patients with asymptomatic sinus bradycardia and normal patients ( 34). His data further suggest that isolated sinus



bradycardia in most cases does not imply clinically significant sinus node dysfunction. Jordan et al., however, have demonstrated that if SRT is adjusted for the effects of autonomic tone, two groups of responses are observed ( 27). Those patients with abnormal IHR have abnormal SRT, whereas those with normal IHR have normal SRT. These data have been supported in several other studies ( 86). Thus, differences in basal autonomic tone may explain some discrepancies in SRT. In 1983 Alboni et al. (44) confirmed these findings and demonstrated a higher reproducibility following autonomic blockade in those with normal IHR. Other explanations for the discrepancy in the incidence of positive responses include (a) failure to pace for different durations and at a wide range of rates from just above sinus up to 200 bpm and (b) sinus node entrance block. We believe the former is a major reason for failure to demonstrate abnormalities in patients with the tachycardia-bradycardia syndrome. Marked abnormalities in CSRT as well as SACT usually occur in symptomatic patients with clinical evidence of sinus block or the bradycardia-tachycardia syndrome (Fig. 3-18 and Fig. 3-19). Moreover, the paced cycle length at which maximum suppression occurs in patients with sick sinus syndrome is unpredictable and (unlike the situation in normal persons) tends to be affected by both the rate and duration of pacing ( 24). However, if sinus entrance block is present, the greatest suppression is likely to occur at relatively slow rates, which allow atrial impulses to penetrate the sinus node. If the longest SRT occurs following pacing at long cycle lengths (i.e., >600 msec) a normal value may reflect the presence of sinus entrance block. In such cases the abnormal SRT is an unreliable assessment of sinus node function. The fact that the paced cycle length producing the longest SRT exceeds 600 msec is in itself a marker of sinus node dysfunction and correlates with prolonged sinus node refractory and/or prolonged zone I during extrastimulation evaluation of SACT. The most abnormal responses (i.e., the longest SRT) occur in patients with spontaneous sinoatrial exit block or the bradycardia-tachycardia syndrome ( 34). Use of sinus node electrogram shows sinus activity during these pauses, indicating a primary abnormality of sinoatrial conduction (see Fig. 3-17). The longest SRT that we have recorded is 23 seconds—in a patient who manifested the bradycardia-tachycardia syndrome.



FIG. 3-18. Abnormal sinus node recovery time in a patient with bradycardia-tachycardia syndrome. In the top panel, cessation of atrial pacing at 500 msec results in a 4-second pause with a junctional escape and another 3.8 seconds elapse before the next escape, followed by more escapes. Small arrowheads mark sinus P waves that have recovered more slowly than the junction. The findings demonstrate impaired junctional as well as sinus node function. In the bottom panel, termination of spontaneous atrial fibrillation in the same patient is followed by similar pauses.



FIG. 3-19. Relationships of overdrive pacing into sinoatrial exit block. A. Following three sinus complexes a sudden pause occurs with an intersinus P-wave interval of approximately 5 seconds. The return of this P wave actually follows the first junctional escape complex. B. Atrial overdrive pacing at a cycle length of 660 msec also demonstrates a long pause of approximately 3 seconds. The pauses at the top are slightly more than four sinus cycles, and the pauses on the bottom are approximately three sinus cycles. In both cases, sinoatrial exit block appears to be the mechanism.



Prolongation TRT and marked secondary pauses are other manifestations of impaired sinus node conduction and to a lesser extent, automaticity. Marked secondary pauses may occasionally occur in the absence of prolonged SRT; in those instances, sinoatrial block is the mechanism. This observation was substantiated in a study that demonstrated that 69% of patients with secondary pauses had clinical evidence of sinoatrial exit block and, conversely, 92% of patients with sinoatrial exit block demonstrated marked secondary pauses (77). Furthermore, the duration of secondary pauses frequently approximates a multiple of the spontaneous sinus cycle length. Finally, a 1983 study by Asseman et al. ( 64) using directly recorded sinus electrograms demonstrated sinus exit block to be responsible for both initial and secondary pauses following overdrive suppression in patients with sick sinus syndrome. Similar findings have been observed by others ( 45,62). Atropine usually shortens the SRT, and frequently the CSRT as well, in patients with abnormal basal values but usually not to normal if marked prolongation is present (11,72,74). A significant paradoxical prolongation of recovery time may occasionally be noted after atropine ( 75,81,85,88,89,). This phenomenon may be explained by an improvement in retrograde sinoatrial conduction allowing depolarization of the sinus pacemaker at faster rates, resulting in more pronounced sinus suppression. The abolition of secondary pauses by atropine tends to support such an effect on sinoatrial conduction. Another finding that is seen both before and, in particular, after the administration of atropine is the appearance of junctional escape rhythms on cessation of pacing ( 73,75,85). Although junctional escapes appear more commonly in patients with clinical sinus node dysfunction than in normal persons, the frequency of this finding is further increased by atropine, and in one series, it was seen in 14 of 21 patients ( 75). Whether this represents a paradoxical response of the sinus node to atropine and “normal” response of the A–V junction has not been established.



EFFECT OF DRUGS ON SINUS NODE RECOVERY TIME AND SINOATRIAL CONDUCTION TIME Digitalis, propranolol, and calcium blockers are commonly used to control the ventricular response during atrial flutter-fibrillation, which may be part of the bradycardia-tachycardia syndrome. Type I antiarrhythmic agents and amiodarone are used to prevent the occurrence of these atrial tachyarrhythmias. Furthermore, these drugs are extremely useful in the management of coexisting cardiac dysfunction, for example, congestive heart failure (digoxin) and angina (propranolol and calcium blockers). The safety of their use in individual patients with sinus node dysfunction must be evaluated. Digoxin Ouabain (0.01 mg/kg) has been demonstrated to have no significant effect on resting heart rate in both normal persons and in patients with sinus node dysfunction (85,86,87,88,89,90 and 91). Furthermore, ouabain in similar doses and digoxin have been demonstrated to shorten the SRT and/or CSRT in some patients with clinical sinus node dysfunction (90,91,92,93 and 94). Shortening of the SRT in this situation may be due to an increase in perinodal refractoriness, which creates sinoatrial entrance block, resulting in fewer beats suppressing the sinus node and a shorter return cycle. The response of SACT to ouabain has been studied in normal patients, who demonstrated a consistent increase ( 90,92,94,95). However, a variable effect on SACT was demonstrated in patients with sinus node dysfunction manifested by sinus bradycardia ( 92,96). These data confirm the belief that digitalis is relatively safe to use with patients with sinus node dysfunction, an observation previously made in clinical studies ( 97).



Propranolol The effects of propranolol on SRT and sinoatrial conduction have been evaluated in two studies ( 22,98). Strauss et al. (98) studied 10 patients with symptomatic sinus node disease, 2 of whom had prolonged sinus node recovery time; propranolol increased the recovery time greater than 160% over control in 4 patients. These 4 patients included 2 who previously had had normal recovery times. The change in recovery time was most marked in patients who had clinical evidence of sinoatrial exit block. In 7 out of 10 patients, SACT could be calculated; it was abnormal in 4 patients and normal in 3 patients. Propranolol increased the SACT in 6 of 7 patients. Because propranolol can increase perinodal refractoriness and therefore can prolong conduction into the sinus node as well as decrease the automaticity of the sinus node, the mechanism of SACT prolongation following its administration is unknown. Narula et al. ( 22) showed a significant increase in CSRT and SACT in patients with sinus dysfunction while no significant effect was observed in normals. No studies using direct recordings of SACT have been performed to clarify the mechanism of propranolol's effect on SACT and CSRT. Clearly, however, in some patients who manifest sinus node dysfunction, propranolol can markedly exacerbate the bradyarrhythmias associated with the syndrome, and it should be therefore used with caution. The effects of propranolol do not seem to be entirely due to unopposed vagal tone, because atropine cannot abolish the changes in SNRT and SACT produced by the drug, although some improvement may be noted ( 22,98). Calcium Blockers The effects of verapamil and diltiazem have been studied ( 99,100). Both have minimal effects on SACT and CSRT in patients with no sinus dysfunction. The sinus rate response is variable but usually has little effect (less than 10% increase or decrease). Systematic studies of calcium blockers in patients with sinus dysfunction are not available. Many observations suggest that worsening of sinus function is the expected response to calcium blockers. Antiarrhythmic Agents A variety of studies has shown that procainamide, quinidine, lidocaine, mexiletine, and amiodarone can adversely affect sinus node function in patients with evidence of sinus node dysfunction ( 101,102,103 and 104). Severe sinus bradycardia and sinus pauses are the most common problems encountered. In my opinion, amiodarone is the worst offender and has even caused severe sinus dysfunction in patients without a prior history or laboratory evidence of sinus dysfunction. In general, the other drugs have minimal effects on sinus node dysfunction in normal persons. The increasing use of amiodarone has led to an increased requirement for pacemakers in patients with paroxysmal atrial fibrillation.



VAGAL HYPERSENSITIVITY (NEUROCIRCULATORY) SYNDROMES Vagal hypersensitive syndromes are probably the most important cause of noncardiac syncope in patients, particularly those without cardiac disease. The clinical history is the single most important diagnostic tool for these disorders. Failure to use the history has led to widespread use of costly neurologic and cardiac workups. In younger patients, vasovagal and vasodepressive syncope are by far the most common cause of syncope. This disorder results from an imbalance of autonomic reflexes in response to a variety of stimuli causing bradycardia and/or vasodilatation, and severe hypotension. In normal patients, assumption of the upright position results in venous pooling, and a decrease in ventricular filling and cardiac output. A slight drop in systolic blood pressure, a rise in diastolic blood pressure, and an increase in heart rate and inotropy occur. These responses are due to compensatory baroreceptor reflexes. In patients with vasovagal or vasodepressor syncope in whom the trigger seems to be prolonged standing, post-exercising, or volume depletion, the compensatory increased inotropy is believed to activate left ventricular mechanoreceptors leading to a pronounced Bezold-Jarisch reflex, resulting in bradycardia and hypotension owing to vasodilatation ( 105,106,107,108,109 and 110). Although the heart rate may begin to decrease first, the peak drop in blood pressure occurs prior to the peak drop in heart rate ( 106,108,111,112). The vasodepressor component usually dominates the syndrome, but in occasional patients, prolonged asystolic periods due to either sinus arrest or exit block or A–V block may produce a near cardiac arrest ( 113,114). Flammang et al. suggest that ATP (or adenosine) may be used to predict patients at risk for this type of response. Patients with pauses greater than 10 sec following ATP are most likely to benefit from a pacemaker. While atropine may relieve the bradycardia component ( 111,112), it does not significantly affect the hypotensive component. This suggests that the vasodilation is not mediated by enhanced parasympathetic tone. On the other hand, beta blockers or other negative inotropic agents (e.g., disopyramide) can reverse the hypotension (111,112,115,116). Although these findings support a counter-compensatory mechanoreceptor reflex (Bezold-Jarisch reflex) as the mechanism of the vasovagal episode in hypovolemic triggered events, I am not convinced this mechanism is always responsible for this syndrome, particularly when it occurs in adults with organic heart disease or when other triggers are present. We have seen several patients in whom this syndrome has developed following cardiac transplant. This observation suggests an alternative mechanism, i.e., failure of alpha receptor responsiveness, failure of activation and/or responsiveness of the renin-angiotensin system, or stimulation of serotonin receptors. These observations have led to the widespread use of tilt testing to evaluate patients with unexplained syncope ( 111,112,113,114,115,116,117,118,119,120 and 121). Such patients are tilted at 40 to 80° for 10 to 40 minutes. We use 60° tilt for 30 minutes, which reproduces the syndrome in 65% to 80% of patients within 30 minutes. The higher the degree of tilt, the shorter the duration of time prior to symptoms ( 112,118,119,120 and 121). The use of isoproterenol in small boluses or short infusions increases the sensitivity of the tilt test ( 111), but in my opinion, may give rise to false-positive results. It is certainly no surprise that beta blockers prevent the syndrome in patients requiring isoproterenol to achieve positive tilt test. Chen et al. have demonstrated reasonable reproducibility of such tests, potentially allowing for drug evaluation ( 120). To date, however, no randomized controlled studies have demonstrated predictable responses to drugs. In our laboratory, we found the test to be useful primarily in young patients with cardiac disease who have a high likelihood of this cause of syncope but in whom a clinical history is not suggestive. In patients with organic heart disease, and unexplained syncope, the outcome of patients with positive and negative tilt tests is similar. This has led to skepticism of the use of this technique in such patients. In these patients we believe that a full electrophysiologic study should be performed. Tachyarrhythmias are a very important cause of syncope in these patients, regardless of whether or not the tilt test is positive. Electrophysiologic assessment of sinus node function in patients with vasovagal or vasodepressor syncope has been invariably normal in our experience. Another expression of vagal hypersensitivity is the so-called carotid sinus hypersensitivity syndrome, in which syncope may primarily be sinus inhibitory, although a vasodepressor component may also occur. Sinus node function as measured by direct and/or indirect SACT or sinus node response to overdrive pacing (CSRT) has generally been normal (122,123 and 124). When abnormal, they can be normalized by atropine. The consistent findings in such patients are prolonged, usually right-sided, pauses following CSP ( Fig. 3-20). Use of directly recorded sinus electrograms has shown that CSP usually produces a prolongation of sinoatrial conduction eventuating in sinoatrial block of one or more sinus impulses (see Fig. 3-12) (45,61,62,63 and 64,125). Slowing of sinus automaticity may also be present. Pacing, anticholinergic drugs, and theophylline have all been reported to be effective for the cardioinhibitory features of this. The vasodepressor component is difficult to treat, and pacemaker therapy with or without pharmacologic manipulation has been less than satisfactory. Moreover, the high incidence of spontaneous remission of this syncope makes assessment of the actual benefit of these therapies difficult.



FIG. 3-20. Effect of carotid sinus pressure on a patient with carotid sinus syncope. Leads 1, 2, and 3 are displayed as carotid sinus pressure (CSP) is applied. An 8.3 second pause results. Near-syncope developed, linking the clinical episodes. See text for discussion.



Another less frequently observed phenomenon is paroxysmal “sinus arrest,” which is usually preceded by a slowing of heart rate and occurs in people with normal



sinus node function. We have seen 15 patients with pauses ranging from 6 to 55 seconds ( Fig. 3-21). These episodes could happen during the day or night but invariably during inactivity. Three of these patients were sleeping; the others were either presyncopal or had true syncope. A vagal stimulus such as nausea or vomiting was present in 50% of our patients. The absence of any escape pacemaker for such extended pauses is remarkable. On electrophysiologic testing, all patients have had normal SACT and CSRT. None had directly recorded sinus electrograms during an episode, so the exact mechanism of these pauses remains unknown. Seven had exaggerated responses to CSP (4 to 10 seconds), which in each case was abolished by atropine. Pacemakers have relieved symptoms in the 12 symptomatic patients. The natural history and mechanism of this disorder require investigation, but they may represent a variant of vasovagal syncope ( 113,114), although nocturnal episodes may be related to sleep apnea disorders.



FIG. 3-21. Paroxysmal sinus arrest. This is a rhythm strip from a patient who developed paroxysmal sinus arrest. One can see slight slowing of the sinus cycle before a prolonged episode of asystole that lasted 20 seconds. The patient had no cardiac disease. See text for discussion.
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The usefulness of intracardiac recording and stimulation techniques in humans was first realized during its application to patients with disorders of atrioventricular (A–V) conduction. Electrophysiologic study allowed confirmation and further elucidation of the underlying mechanisms and site of block suspected indirectly by surface ECG. A–V block has been traditionally classified by criteria combining implications about anatomic site, mechanism, and prognosis. Analysis of A–V conduction from the surface ECG is confined to (a) the duration and shape of the P wave, (b) the duration and pattern of alternation of the P–R interval, (c) the QRS morphology and the duration of either conducted beats or escape rhythms, and (d) the rate of escape rhythms (if present). Because intracardiac studies can provide much of this information directly, a classification of A–V block that is applicable to the A–V conduction system as a whole or to any of its components is preferred (Table 4-1). Thus, in our laboratory, we prefer to consider first-degree, second-degree, and third-degree A–V block as prolonged conduction, intermittent conduction, and no conduction, respectively.



TABLE 4-1. Atrioventricular Block



In the presence of first-degree block, impulse transmission (output/input) is 1:1 (hence the inappropriateness of the block), although conduction through the whole A–V conduction system, or any of its parts, is prolonged; in the presence of second-degree block, impulse transmission is less than 1:1; and in the presence of third-degree block, no impulse transmission occurs. Second-degree block is further subdivided into Types I and II. Type I second-degree block, to which the eponym Wenckebach block is often applied, is characterized by progressive prolongation in A–V conduction time preceding the nonconducted time in the conducted beat following the blocked impulse. In contrast, Type II second-degree block, to which the eponym Mobitz Type II is often applied, is characterized by sudden failure of conduction without alteration of conduction time of conducted beats either preceding or following the nonconducted one. El-Sherif and his associates have described a canine model in which ligation of the anterior septal artery produced an apparent Type II second-degree block in the His bundle (1). However, careful measurement of intra-His conduction times with stable plunge wire electrodes revealed minimal (1- to 2-msec) increments before the blocked beat, a range that usually falls within the error of measurement of the recording techniques commonly used in humans. Furthermore, a temporal continuum between apparent Type II block and obvious Type I block in the His-Purkinje system has been demonstrated in these canine animals by Simson in our laboratory ( 2) as well as in a few patients with acute myocardial infarction. Thus, the subdivision of second-degree A–V block into two distinct types may not be sound from a mechanistic viewpoint. Nevertheless, from a practical viewpoint it is worth noting that intermittent conduction (second-degree A–V block) associated with no (or undetectable) preceding increment is a behavior characteristic of the His-Purkinje system. Therefore, we shall continue to use the designations Type I block and Type II block as clinically descriptive terms. In the presence of 2:1 or higher grade intermittent conduction, classification into Type I or II is not possible and is really a category unto itself. Therefore, block greater than second-degree A–V block includes 2:1 A–V block, high degree A–V block (³2 consecutive blocked P waves of intermittent conduction), and complete A–V block with evidence. Theoretically, abnormalities of A–V conduction may result from conduction disturbances in any region of the heart, although certain patterns of block can be localized to specific sites ( Table 4-2). Nevertheless, considerable overlap is seen, and the identification of the site of block on the basis of the surface ECG alone may not be possible. In the case of a prolonged P–R interval, intracardiac measurements may show normal intracardiac conduction (e.g., P–Atrioventricular junction [P–AVJ] atrium = 50, A–H = 125, H–V = 55). The chance of one's developing complete heart block, and its clinical significance, depends on the site of block. Hence, precise localization of a conduction disturbance may aid the clinician in planning the therapeutic approach.



TABLE 4-2. Sites of Atrioventricular Block



Two questions must be addressed when deciding which patients should be referred for evaluation of A–V conduction disturbances: (a) When is the surface ECG likely to be misleading? (b) When does the localization of a conduction disturbance per se provide therapeutically important information independent of the patient's symptoms, surface ECG, and so on? Because of the lack of complete data, these questions are often answered on subjective rather than objective grounds;



nevertheless, the following paragraphs present information that may provide some guidelines for the use of intracardiac studies in defining A–V block.



ATRIUM An impulse originating in the sinus node must traverse the right atrium to reach the A–V node. Although there are no anatomic data supporting the presence of specific internodal tracts (anterior, middle, or posterior) that facilitate internodal conduction ( 3), preferential pathways of atrial conduction exist, but they appear to be related to the spatial and geometric arrangement of atrial fibers rather than to specialized “tracts.” Because the sinus impulse can propagate directly through all types of atrial muscle as well as through these proposed preferred pathways, high-grade or complete heart block that is due to atrial disease in humans is virtually unknown. Of interest is the fact that a majority of dogs develop complete A–V block and a junctional rhythm if all three internodal tracts (found in dogs) are sectioned. On the other hand, prolonged A–V conduction (first-degree block) that is due to atrial conduction delay is not uncommon in humans. The ECG pattern of left atrial enlargement (a P wave ³120 msec in duration with posteriorly and leftward directed terminal forces) is produced by delayed or prolonged left atrial activation rather than left atrial enlargement or hypertrophy in the absence of conduction delay ( 4). A correlation between left atrial size and ECG left atrial enlargement is best seen in rheumatic and primary myocardial disease and rather poorly seen in coronary artery disease (4). In all instances, however, delayed activation to the lateral left atrium is present. Therefore, so-called electrocardiographic “left atrial enlargement” is better thought of as an interatrial conduction delay (IACD). The assessment of intra-atrial conduction demands the reproducible and accurate timing of local electrocardiograms from specific anatomic sites in the atria ( 5). While high density mapping may be useful to ascertain local atrial defects, fewer points are needed to demonstrate the cause of P-wave abnormalities (in a general way). For the reasons given in Chapter 2, simple measurement of the P–A interval is inadequate for the assessment of intra-atrial conduction. At a minimum, atrial electrograms from the high-right atrium in the region of the sinus node, the A–V junction at the His bundle recording site, and the posterior lateral and even anterior left atrium recorded from various positions in the coronary sinus are required. Recordings from other sites along the lateral right atrial wall are easily obtained, whereas recordings from other sites in the left atrium are more difficult to obtain unless an atrial septal defect or a patent foramen ovale is present, or a transeptal catheterization or retrograde approach is performed. These latter two procedures are not really justified unless a left atrial tachycardia is suspected. For accuracy and consistency, the principles of measurement described in Chapter 2 must be followed strictly. Accuracy is further enhanced by the use of rapid recording speeds (200 mm/sec or greater). A single catheter may be used to map more than one location as long as the rhythm (usually sinus) remains constant, and a reproducible reference electrogram is chosen (e.g., an intracardiac atrial electrogram and/or P wave in the surface ECG). Normal atrial activation using standard sites is shown in Figure 4-1, and the mean activation time in a group of 24 patients with normal P waves is shown in Figure 4-2. Figure 4-3 illustrates the mean values in a group of 15 patients with electrocardiographic left atrial enlargement. In contrast, Figure 4-4 shows an atrial activation in a patient with a P wave that meets the standard ECG criteria for left atrial enlargement. In this patient, delayed activation of the left atrium (P to coronary sinus) and normal intra-right atrium conduction are shown by the atrial map. Biatrial conduction delay is shown in Figure 4-5.



FIG. 4-1. Normal sequence and timing of atrial endocardial activation. Electrograms from the high-right atrium (HRA), coronary sinus (CS), low lateral right atrium (LRA), and His bundle area (HBE) are shown. The vertical line marks the reference point for measurement and is the earliest evidence of atrial electrical activity. Activation times in msec are HRA = 2, CS = 60, LRA = 28, and A in HBE = 25.



FIG. 4-2. Atrial activation times in 24 patients with normal P waves on the surface ECG. Activation times are plotted from various sites in the atrium, with mean activation time shown with a bar and number. AVJ = atrioventricular junction; MRA = midright atrium.



FIG. 4-3. Atrial activation times in 15 patients with the ECG pattern of left atrial enlargement



FIG. 4-4. Atrial activation sequence in a patient with a broad P wave with posteriorly directed terminal forces—so-called left atrial enlargement. Note the prolonged coronary sinus (CS) activation time (140 msec) in the face of a normal right atrial conduction time (P–A measured at HBE recording site = 52 msec) consistent with an inter-atrial and/or intra-left atrial conduction delay.



FIG. 4-5. Biatrial conduction delay. A single P wave is shown. Note the delayed activation of all atrial electrograms. T = time line.



Intra-atrial delay involving only the right atrium is far less common, but it is seen in the presence of congenital heart disease, particularly the endocardial cushion defects (6) and Ebstein's anomaly of the tricuspid valve ( 7). In approximately 20% of patients with prolonged A–V conduction and congenital heart disease, the mechanism is prolonged intra-right atrial conduction ( 8). In these situations, prolonged P–A and high-right atrium (HRA) to low-right atrium intervals are frequently encountered. “First-degree A–V” block has been reported in as many as 50% of patients with endocardial cushion defects; it may be due entirely or in part to a delay in intra-atrial conduction, with a defect involving the atrionodal junction. Of five patients with Ebstein's anomaly studied by Kastor et al. ( 7), three had prolonged P–A and intra-right atrial conduction intervals and all had broad (³110 msec) P waves. The prolonged intra-right atrial conduction time was probably due to longer time necessary to traverse the abnormally large right atrium. We have also seen a patient with an atrial septal defect (ASD) with a P–A interval measured at the AVJ of 110 msec. The demonstration that intra-atrial conduction delay is responsible for prolonged A–V conduction (first-degree A–V block) may alleviate concern that A–V nodal delay, intra-His delay, or infra-His delay is responsible. Second-degree intra-atrial block is rare. It occasionally occurs spontaneously as Type I second-degree exit block from an automatic atrial focus in the setting of digitalis toxicity ( Fig. 4-6). A similar phenomenon can be precipitated in the laboratory by rapid atrial pacing, which results in progressive increments in the stimulus-to-A interval until the stimulus is not propagated, at which time the process repeats itself ( 9). Additionally, Castellanos et al. have reported on two patients in whom a progressive increment in the interval from the high-right atrium to the low-right atrium (recorded at the A–V junction) occurred until the beat was dropped ( 10). Such types of intra-atrial delays appear to be substrates for intra-atrial reentry ( Chap. 8,Chap. 9).



FIG. 4-6. Automatic atrial tachycardia with exit Wenckebach block. Atrial tachycardia with regularly irregular (i.e., group beating) atrial activity associated with complete heart block is present in a patient with digitalis intoxication (serum digoxin level = 3.8 ngm/mL). Note the progressively decreasing A–A intervals followed by a pause and then resumption of the pattern. H r are retrograde His bundle potentials associated with fascicular depolarizations ( Chap. 7), another manifestation of digitalis intoxication.



Type II second-degree block and complete heart block do not occur as manifestations of atrial conduction disease in humans during sinus rhythm. Inter-atrial and intra-atrial dissociation have been observed during atrial tachyarrhythmias, particularly atrial flutter and fibrillation. In such instances, all or some part of the atrium manifests one rhythm while the remainder is activated differently.



ATRIOVENTRICULAR NODE The A–V node accounts for the major component of time in normal A–V transmission. The range of normal A–H time during sinus rhythm is broad (60 to 125 msec), and it can be profoundly influenced by changes in autonomic tone. The same is true of all the other measurements of A–V nodal function (e.g., refractory periods), thereby rendering the laboratory evaluation of intrinsic (as opposed to physiologic) A–V nodal function difficult. Thus, measurements of A–V nodal function over periods of time may not be reproducible (11). One may chemically denervate the A–V nodal node (i.e., .04 mg/kg atropine and .02 mg/kg propranolol to better assess intrinsic A–V nodal function). The clinical utility of such measurements is unknown. Delay in the A–V node is by far the most common source of prolonged A–V conduction (first-degree A–V block) ( Fig. 4-7) (12). The magnitude of delay can vary greatly, but it can be enormous. In our laboratory, we have observed A–H intervals as long as 900 msec. From another viewpoint, most patients (³90%) with a total P–R interval greater than 300 msec have some degree of A–V nodal delay. It is worth reemphasizing that A–V conduction can vary greatly with changes in the patient's clinical state (i.e., influence of autonomic nervous system) and in response to pacing-induced changes in heart rate in a characteristic fashion ( Chap. 3), with a prolongation in conduction time and refractoriness at increasing paced heart rates. On the other hand, clinical states with heightened sympathetic tone are accompanied by decreased A–V nodal and conduction time and refractoriness at any paced rate.



FIG. 4-7. First-degree block (prolonged conduction) confined to the A–V node. The A–H interval is prolonged to 250 msec. The H–V interval is 45 msec (normal).



Second-degree block that is due to intermittent failure of conduction through the A–V node is very common in a wide variety of circumstances. The A–V node is the site of most Type I second-degree blocks. Type I second-degree block may be a manifestation of a pathologic process, or it may be a physiologic response within normal limits. This type of block may occur in the setting of any acquired or congenital disease of the A–V node, especially inferior wall myocardial infarction. It can also be precipitated by drugs such as digitalis, beta blockers, calcium channel blockers, or amiodarone. In addition, it may be seen in the young, healthy heart at rest in the presence of high levels of resting vagal tone, a state that is particularly common in well-trained endurance athletes. Furthermore, Type I second-degree block can be precipitated in almost all subjects by incremental atrial pacing ( Chap. 2) and in an analogous fashion may be seen during atrial tachycardia. The easily recognized typical Wenckebach periodicity ( Fig. 4-8), with a gradual prolongation of each succeeding conduction interval with decreasing increments, may be relatively uncommon in clinical practice. More often, Wenckebach periodicity is atypical ( 13). It is not uncommon to observe (a) the A–H interval stabilize for several beats, especially during long Wenckebach cycles (11 to 10, etc.); (b) the greatest increment occur with other than the second beat after the pause; and (c) very little incremental conduction delay, rather, only a modest decrease in A–H following the pause ( Fig. 4-9). This latter phenomenon is often seen associated with an increased vagal tone. As shown in Figure 4-9, this usually is accompanied by slowing of the sinus rate. Typical Wenckebach periodicity is more frequently observed during pacing-induced second-degree A–V block ( Fig. 4-10). In patients with dual A–V nodal pathways, Wenckebach cycles are almost always atypical. The greatest jump in A–H occurs when block in the fast pathway occurs, whichever complex this may be. In patients with A–V nodal reentry, Wenckebach cycles may be terminated by A–V nodal echoes or the development of supraventricular tachycardia ( Chap. 8). These should really not be called Wenckebach cycles because there is no blocked paced impulse.



FIG. 4-8. Typical spontaneous Type I second-degree block (intermittent conduction) in the A–V node. Progressive prolongation of the A–H (and P–R) intervals occurs until the third atrial deflection (A) is not followed by a His bundle or a ventricular depolarization.



FIG. 4-9. Spontaneous atypical Type I second-degree block in the atrioventricular node due to heightened vagal tone. Note that there is little alteration in the A–H interval before the fourth A not conducting. The true nature of the arrhythmia, however, is revealed by the first conducted A after the pause, which is associated with substantial shortening of the A–H interval to 200 msec. The analysis or mechanism is clarified by the associated sinus slowing.



FIG. 4-10. “Typical” Type I second-degree block in the A–V node induced by atrial pacing. The paced cycle length is 350 msec, and each atrial depolarization (A) is followed by a progressively lengthening A–H interval (at decreasing increments) until the fourth A is not followed by an H bundle deflection.



Type II second-degree A–V block occurring in the A–V node has been reported ( 14), but in each case, either the block could have been localized to a more likely site (usually the His bundle rather than the A–V node) or the block probably was atypical Type I, as suggested by a decrease in the A–H interval of the beat following the blocked impulse. One of the more common situations in which “apparent” Type II A–V nodal block can be seen is during heightened vagal tone during sleep. A clue to this phenomenon is associated sinus slowing (see Fig. 4-9). Another rare cause of apparent Type II block with normal QRS complexes is concealed His bundle



extrasystoles (15). In my opinion, true Type II second-degree block occurring in the A–V node has never been adequately documented. Second-degree A–V block in the A–V node can often be partially or completely reversed by altering autonomic tone. Hence, exercise (or other measures to increase sympathetic tone) or the administration of atropine (to decrease vagal tone) may produce reversion to 1:1 conduction. However, occasionally in the presence of structural damage (e.g., congenital heart block or inferior myocardial infarction), these measures may be ineffectual. In such cases spontaneous progression to third-degree block (complete A–V block) may occur. More than likely, in most instances, this suggests block is probably high in the His bundle. In general, Type I second-degree A–V nodal block is usually well tolerated from a hemodynamic standpoint, and it seldom if ever merits pacemaker therapy on symptomatic grounds. Prophylactic therapy is discussed later in this chapter. Two-to-one block in the A–V node (Fig. 4-11) is less common than Mobitz I block. It is often associated with organic disease of the A–V node (e.g., Lyme disease), myocardial infarction, s/p mitral valve or other cardiac (particularly congenital heart) surgery, or drug toxicity. Since the impaired function of the A–V node is present, the A–H, and hence, PR, of the conducted beats is almost always prolonged. Two-to-one block with PR£160 msec should suggest an intra- or infra-His site of block (see below). Improvement of conduction by atropine, beta agonists, or exercise suggests an A–V nodal site of block. However, as stated above, if structure disease of the A–V node is present, improvement of A–V node conduction under these conditions may be small or inapparent.



FIG. 4-11. Spontaneous high-grade (2:1) block in the atrioventricular (A–V) node. Alternative atrial depolarization (A) is not followed by either a His bundle or a ventricular depolarization. On the basis of the surface ECG, the finding of 2:1 A–V block with a narrow QRS complex is compatible with either an A–V node or an intra-His site of block. The intracardiac records localize the site of block to the A–V node.



Third-degree (complete) heart block occurring in the A–V node is relatively common. Most cases of congenital complete heart block are localized to the A–V node (Fig. 4-12) (16), as are most cases of transient complete heart block seen in acute inferior wall myocardial infarction ( 17). This is also the site of block in digitalis intoxication or when block is produced by beta blockers and/or calcium blockers. Intracardiac recordings reveal atrial deflections that are dissociated from the ventricular rhythm caused by a subsidiary pacemaker. By definition, the atrial deflection is not followed by a His bundle deflection, but the escape ventricular deflection may or may not be preceded by one. Most often, the escape rhythm originates in the His bundle, which is characterized by a narrow (“normal”) QRS complex preceded by a His bundle deflection with a normal H–V interval ( Fig. 4-12). It should be emphasized that 20% to 50% of adults with chronic complete block in the A–V node have wide complexes (18,19). Because in the presence of wide QRS complexes, many physicians assume block below His and implant pacemakers in asymptomatic people, such a finding, particularly in asymptomatic or minimally symptomatic patients, may be an indication for electrophysiologic study since A–V nodal block may be reversible.



FIG. 4-12. Congenital complete heart block in the A–V node. All atrial impulses fail to conduct through the A–V node. Each junctional escape QRS complex is preceded by a His bundle deflection (H) with a normal H–V interval (40 msec). This patient's record is of a young man, 17 years old, who is asymptomatic.



His bundle escape rhythms typically have a rate of 45 to 60 beats per minute (bpm), and they are variably responsive to alterations in autonomic tone or manipulation of the autonomic nervous system by pharmacologic agents (e.g., atropine, isoproterenol) or exercise. Occasionally, the escape rhythm has a normal QRS complex but is not preceded by a His bundle deflection. This instance probably reflects a failure to record the His bundle deflection. Use of closely spaced electrodes and careful mapping may locate a His bundle potential, which may be in an unusual position. Occasionally the escape focus may originate more distally (i.e., in the fascicles or distal Purkinje fibers), producing a wide QRS complex. These distal rhythms are either preceded by a retrograde His bundle deflection or no deflection at all ( Chap. 2). They are slower and unresponsive to atropine. Because of the wealth of potential subsidiary pacemakers with adequate rates, syncope is a rare presenting symptom in patients with third-degree block localized to the A–V node. In fact, many patients with congenital complete heart block are asymptomatic for many years. It is only when aging produces chronotropic insufficiency of the His rhythm that patients become symptomatic, usually with exertional fatigue. They are often referred for evaluation because of bradycardia detected on a routine examination. In rare circumstances, the His bundle rhythm may be unstable, and syncope can occur. The stability of the His bundle escape rhythm can be assessed by noting the effects of overdrive suppression produced by ventricular pacing in a manner analogous to testing sinus node function ( Chap. 3). Prolonged pauses (i.e., lack of His bundle escape rhythm) produced in this manner herald failure of the escape pacemaker under clinical conditions. Narula and Narula proposed 200 msec as an upper limit of corrected “His escape time” following ventricular overdrive ( 20). The response to exercise is also a useful clinical tool to assess when a pacemaker may be useful to improve symptoms.



HIS BUNDLE The use of intracardiac electrophysiologic techniques has done more to identify and clarify conduction disturbances in the His bundle than in any other region. The frequency and importance of intra-His conduction disturbances have been increasingly recognized as these lesions have been specifically sought during studies (19,20,21,22 and 23). In the context of the investigation of possible intra-His conduction disorders, it is particularly important that the principles of identification and validation of the proximal His bundle potential be followed strictly. The identification of intra-His disorders is an active process on the part of the catheterizer, necessitating careful exploration of the A–V junctional region with the electrode catheter to record proximal and distal His potentials. Given a conduction velocity of 1.3 to 1.7 m/sec in the normal human His bundle ( 24), depolarization of the entire structure should take no more than 25 to 30 msec. The His bundle deflection as measured with bipolar catheter electrodes (10 mm apart) corresponds to total conduction time through the His bundle. Hence, prolonged intra-His conduction (“first-degree block” in the His bundle) can be said to be present if the total duration of the His bundle deflection is >30 msec, particularly if the deflection is notched or fragmented. In contrast to A–V nodal conduction, the range of values of intra-His conduction is typically small. Therefore, significant delays of intra-His conduction are usually not reflected by a prolongation of the P–R interval on the surface ECG ( Fig. 4-13). The ultimate expression of intra-His delay is a splitting of the potential into separate and distinct proximal and distal deflections. These deflections occasionally may be separated by an interval of as much as several hundred milliseconds (Fig. 4-14). The interval between proximal and distal His bundle electrograms may be isoelectric or have low-amplitude indistinct activity



(Fig. 4-13 and Fig. 4-14), which presumably is due to very slow conduction and to poor coupling in the area of damaged tissue. In pure intra-His delay, the A-to-proximal-His (A–H) and the distal His-to-V (H'–V) intervals are normal. However, coexistent conduction defects in other parts of the conduction system are common.



FIG. 4-13. First-degree intra-His block. Of interest is the low-amplitude electrical activity in the 70 to 80 msec between H and H', as well as the width and direction of H' itself in the markedly slow conduction through this region. Furthermore, the alteration in A–V conduction is well hidden in an overall P–R interval of 160 msec.



FIG. 4-14. Marked first-degree block (prolonged conduction) confined to the His bundle. Two distinct His bundle deflections (H and H') are seen, separated by an isoelectric interval of 260 msec. Note that both the A–H (proximal) interval and the H' (distal)–V interval are normal, indicative of normal A–V nodal and infra-His conduction times.



Confirmation of the His bundle origin of each of the “split His” potentials is critical. Separation of the proximal His bundle deflection from the terminal portion of the atrial deflection can be accomplished by physiologically altering A–V nodal conduction time by atrial pacing, vagal stimulation, or by pharmacologic means, e.g., adenosine. The distal His bundle deflection is easily separated from the initial portion of the ventricular complex; that is, it must precede the onset of the QRS complex by at least 30 msec. Differentiating the distal His from a bundle branch potential is not nearly so simple ( Chap. 2). The presence of more distal delay in the conduction system can result in an interval from the right bundle potential to ventricular depolarization of more than 30 msec. Attempts to pace the suspected distal His bundle potential and a right bundle potential may not always be possible, but as a practical matter, it is probably of little importance. Although a large His-to-right bundle branch delay theoretically could be due to disease involving only the right bundle branch proximal to the right bundle branch recording site—not the His bundle per se (and hence could indicate a possibly better prognosis because the left bundle branch system is entirely intact)—it is very unlikely, especially with a normal QRS complex. In these cases, a main-stem His bundle lesion is almost certainly present. The prognosis in asymptomatic patients with prolonged intra-His conduction appears benign. Second-degree intra-His block is defined by intermittent conduction between the proximal and distal His bundle potentials. Thus, each atrial depolarization is followed by a proximal His bundle deflection with intermittent failure of conduction to the distal His bundle. Type I and Type II second-degree blocks are commonly seen as is 2:1 block (Fig. 4-15 and Fig. 4-16). In contrast to A–V nodal block, 2:1 block is more common than either Type I or II second-degree block. Because the conducted QRS complexes are narrow (in the absence of coexistent bundle branch block), block in the A–V node may be simulated if one fails to record the proximal His bundle deflection. This probably accounts for some cases of Type II second-degree block that have been reported to occur in the A–V node. On the other hand, failure to record the distal His bundle potential during second-degree A–V block can result in a mistaken diagnosis of infra-His block, especially in the presence of a wide QRS complex. Therefore, the techniques for validating the proximal and/or distal His bundle deflections given in Chapter 2 should be employed.



FIG. 4-15. Second-degree block (intermittent conduction) in the middle of the His bundle induced by atrial pacing in the patient depicted in Fig. 4-13. Note that alternative A–H (proximal) complexes are not followed by H' (distal)–V complexes with the impulse blocked within the His bundle distal to the H (proximal) recording site.



FIG. 4-16. Two-to-one intra-His block. Two-to-one block with a narrow QRS and normal P–R interval is shown. A split His (H–H') is seen in conducted complexes, and



block between H and H' is noted every other complex.



In contrast to A–V nodal block in two-to-one intra-His block, the P–R interval is usually normal in the absence of disease elsewhere in the conducting system. In fact, a normal P–R, particularly £160 msec during 2:1 block, is virtually diagnostic of intra-His block if the QRS is narrow. Moreover, atropine and exercise do not improve conduction, and may, in fact, worsen it. In contrast vagal maneuvers, which decrease the input into the His bundle (i.e., increase H–H), may actually improve conduction. The clinical suspicion of intra-His disease should be heightened in the older (>60 years old) female patient, particularly in the presence of a calcified mitral valve annulus (25) as identified by chest film, fluoroscopy, or echocardiography. We have also observed a high incidence of coronary disease in our patients with symptomatic intra-His block (23) although a cause and effect relationship of the coronary disease and intra-His block is uncertain. The clinical implications of second-degree intra-His block differ from those of A–V nodal block. Most commonly, these patients are symptomatic with recurrent syncope. Progression to high-grade or complete block may occur paroxysmally, with hemodynamic stability, depending on the emergence of a low junctional (distal His), fascicular, or idioventricular rhythm. Failure of conduction (third-degree A–V block) that is due to intra-His block is a more common cause of chronic heart block in adults than is generally realized. It accounts for 17% of the cases of heart block referred to our laboratories and 15% to 20% of the cases of complete heart block reported in other series ( 18,19). In our patients over age 60, it accounts for nearly 40%. Syncope is a common presenting symptom ( 18,20,21 and 22) because the escape pacemaker is at or distal to the low A–V junction with a slow rate (usually less than 45 bpm) and is unresponsive to autonomic interventions. One observes dissociation between the A-to-proximal-His complexes and the escape distal His-to-V complexes ( Fig. 4-17). Failure to record the distal His may simulate infra-His block in the presence of a wide QRS complex. If the escape rhythm is narrow (i.e., supraventricular morphology), even in the absence of a recorded distal His, one can assume an intra-His site of block. Because the escape rate is usually quite slow, these patients are almost always symptomatic with syncope or fatigue and shortness of breath. Because syncope may be related to an associated ventricular tachycardia, we believe symptomatic patients should be studied.



FIG. 4-17. Complete heart block localized to the His bundle. There is complete atrioverter dissociation. Each atrial complex is followed by a proximal His (H) bundle deflection with a fixed A–H interval, and each escape ventricular complex is preceded by a distal His bundle deflection with a normal H–V interval.



INFRA-HIS CONDUCTION SYSTEM The infra-His conduction system, which comprises the main bundle branches and fascicles, their ramifications, and the Purkinje network, is the source of most of the clinically important heart block in adults ( 18). The His bundle is generally considered to trifurcate into the right bundle branch and the left bundle branch, which promptly fans out into an anterior (superior) fascicle and a posterior (inferior) fascicle. A fourth, septal fascicle ( 26) has been proposed to explain certain ECG patterns. However, because this fascicle probably contributes little to overall infra-His conduction, it is not discussed here. Although conduction disturbances can occur in each of the major fascicles, the integrity of overall A–V conduction can be maintained by a single functioning fascicle. Therefore, in this chapter the infra-His system is discussed as a single unit and the next chapter covers the implications of individual bundle branch and fascicular blocks. As long as at least one fascicle conducts normally, the H–V interval, should not exceed 55 msec. It has been suggested, however, that the upper limit of normal may be 60 msec in the presence of complete left bundle branch block and an intact right bundle branch ( Chap. 5). A prolonged H–V interval is almost always associated with an abnormal QRS complex because the impairment of infra-His conduction is not homogenous. In the absence of an abnormal QRS complex, apparent infra-His block should suggest intra-His block with failure to record the distal His bundle potential. The degree of infra-His conduction delay is variable. Most patients with infra-His delay have H–V intervals in the 60- to 100-msec range ( Fig. 4-18). In occasional patients however, the H–V interval may exceed 100 msec (Fig. 4-19). This is most frequent in patients with alternating bundle branch block, in which case it is the rule (see Chap. 5). The longest H–V interval we have seen is 345 msec. Such marked infranodal delay is uncommon, and in our experience, it frequently progresses to high degrees of block.



FIG. 4-18. First-degree infra-His block (prolonged conduction) in a patient with an IVCD. Note that the prolonged H–V interval of 80 msec is obscured in the overall P–R interval, which is normal at 175 msec.



FIG. 4-19. Markedly prolonged infra-His conduction delay. The H–V interval is 300 msec, and it is largely responsible for P–R prolongation in this patient.



H–V prolongation in the more usual ranges (60 to 100 msec) can exist without a prolongation of the P–R interval (see Fig. 4-17) although, the longer the H–V interval, the less likely it is to “fit” into a P–R interval under 0.20 sec (in the absence of accelerated A–V nodal conduction). Similarly, a grossly prolonged H–V interval is unlikely in the presence of a P–R interval of 0.16 msec or less. Nevertheless, the P–R interval is an extraordinary poor predictor of the H–V interval because the H–V interval is usually significantly smaller than the A–H interval, which is the major component of the P–R interval. Second-degree block with Type I or Type II characteristics can result from failure of infranodal conduction. In the presence of Type I block, a gradual prolongation of the H–V interval occurs until an A–H group is not followed by a ventricular depolarization ( Figure 4-20 and Figure 4-21). This is much less common than Mobitz II, or two-to-one block. Although the H–V shows progressive prolongation, it is very rare for there to be a maximum increment of >80 msec, unlike the A–V node where this is common. In the presence of Type II block, infra-His block occurs in the absence of progressive H–V prolongation, and it is typically sudden and unexpected ( Fig. 4-22 and Fig. 4-23). Not uncommonly, careful analysis reveals that block below the His is a rate-related phenomenon ( Fig. 4-23). This can be demonstrated by pacing (Fig. 4-21 and Fig. 4-22). When it occurs spontaneously, it may be precipitated by a change in H-H of a few milliseconds ( Fig. 4-9). Pacinginduced block below the His is considered an indication for a permanent pacemaker (see Chap. 5). Type II second-degree A–V block is more common than Type I when the site of block is below the His bundle ( 18). Intermittent infra-His conduction is frequent in the presence of alter nating bundle branch block ( Chap. 5). In any case, second-degree infra-His block is indicative of impending high-grade or complete infra-His block with the attendant problem that hemodynamic survival depends on an idioventricular escape rhythm.



FIG. 4-20. Type I second-degree infra-His block. There is progressive prolongation of the H–V interval. The third A–H complex is not followed by a ventricular depolarization. The H–V interval shortens following the blocked impulse.



FIG. 4-21. Type I second-degree infra-His block induced by atrial pacing. There is gradual prolongation of the H–V interval and the third-stimulus (S), and the resulting A–H complex is not followed by ventricular depolarization. Following the blocked impulse, the H–V returns to 70 msec.



FIG. 4-22. Spontaneous Type II second-degree infra-His block. The A–H and H–V intervals remain constant during conducted impulses at 85 msec and 95 msec, respectively. The third A–H complex, however, is suddenly and unexpectedly not followed by a ventricular depolarization. The complex following the blocked impulse shows no alteration in the conduction intervals.



FIG. 4-23. Type II second-degree infra-His block induced by atrial pacing. The atrium is paced at a cycle length of 700 msec with stable conduction intervals. No ventricular depolarization follows the fourth paced atrial complex. Ventricular depolarization results from the fifth paced atrial complex and demonstrates no change in A–H or H–V intervals.



Two-to-one infra-His block is common ( Fig. 4-24). Although the H–V is usually prolonged, the P–R interval is often normal. This may be a clue from the surface ECG that one is delaying with a His-Purkinje site of block. As with intra-His block, atropine and exercise failed to improve and may even have worsened conduction, while vagal maneuvers may actually improve conduction (Table 4-2).



FIG. 4-24. Antegrade infra-His block with intact retrograde conduction. Complete infra-His block with a ventricular escape of » 1400 msec is shown. Retrograde conduction is seen following the second escape complex. See text for discussion. HBE = His bundle electrogram; T = time line.



Third-degree infra-His block is the most common cause of spontaneous chronic complete heart block in adults over 30 years old; in our laboratory it accounts for approximately two-thirds of such patients. In third-degree infra-His block, dissociated A–H complexes have no relationship to the slow idioventricular escape rhythm (Fig. 4-24). A history of syncope (of “Adams-Stokes attacks”) is the rule because the idioventricular escape rhythm is slow and often unreliable. In addition, this slow rhythm may precipitate Torsades de Pointes, which causes syncope. Of note, is that retrograde conduction may be present in 20% to 40% of patients with intra- or infra-His block (Fig. 4-24 and Table 4-3).



TABLE 4-3. Significance of Retrograde Conduction in the Presence of Antegrade Block



VALUE OF INTRACARDIAC STUDIES IN THE EVALUATION OF A–V CONDUCTION DISTURBANCES Several specific points are discussed in this section to emphasize the value of intracardiac studies in the diagnosis and management of A–V conduction disturbances. (Points regarding patients with bundle branch block per se are discussed in Chap. 5.) 1. The ECG appearance of first- or second-degree block may not be due to a primary conduction disorder; rather, it may be due to junctional (His bundle) extrasystoles that are concealed (not conducted to the atria or ventricles) but render a portion of the conduction system refractory to propagation of a sinus beat ( Fig. 4-25) (Chap. 7) (15). Although it has been suggested that His bundle extrasystoles reflect a diseased His bundle and may not differ greatly from His bundle block in their prognostic significance ( 12), we believe that therapy should initially be directed at suppressing automaticity rather than at failing conduction. Although the observance of junctional premature depolarizations on the surface ECG suggests that concealed His bundle extrasystoles are responsible for the apparent A–V block, an intracardiac recording is the only method of positive identification.



FIG. 4-25. Pseudo-type II infra-His block secondary to a concealed His bundle depolarization in a patient with RBBB and LAD. The usual electrograms are recorded, plus the left atrium at the intra-atrial septum (IAS) and the midleft atrial anterior wall (MLA) via an atrial septal defect. The “blocked” P wave in the surface leads has an atrial activation sequence identical to sinus rhythm. The intracardiac recordings demonstrate a junctional (His bundle) depolarization that fails to propagate antegradely but produces retrograde concealed conduction in the atrioventricular node, which is the cause of the blocked P wave. Increased automaticity in the His bundle rather than impaired conduction is responsible for this phenomenon. LAS = low atrial septum.



2. Although 2:1 or higher degrees of block (e.g., 3:1 and 4:1) have traditionally been classified as Type II block, the site of those blocks cannot be reliably determined by the surface ECG. The observation of typical Type I block in the same patient, however, suggests that the site of block is the A–V node. Several clinical observations may point to the site of block ( Table 4-3) that are based on known physiologic responses of the A–V node and diseased HPS to predictors that alter heart rate and autonomic tone. Because high-grade block can occur anywhere in the A–V conduction system, an intracardiac study is essential for accurate localization when the site of block cannot be really determined. 3. Data about the width of the QRS complex and the configuration of conducted beats and/or escape beats are of only limited value in localizing the site of block. Although a narrow QRS complex is most compatible with an A–V nodal or intra-His problem, and a wide QRS complex is most compatible with an infra-His problem, a wide QRS complex certainly may occur with A–V nodal or intra-His disease in the presence of co-existent bundle branch block. This is fairly common, occurring in 20% to 50% of such patients (18,19).



4. In the presence of third-degree block, the rate of the escape pacemaker also provides only limited information about the site of block because of considerable overlap (Fig. 4-26) (18). If the rate is greater than 50 bpm, however, the escape pacemaker is likely to be located high in the A–V junction, and the site of block is likely to be in the A–V node.



FIG. 4-26. Relationship of site of complete A–V block to the rate of the escape rhythm. Note that the range of rates in each site is rather broad although the means clearly differ. Only when the escape rhythm is very slow (50 bpm) can diagnostically useful information be deduced.



5. Multiple levels of A–V block may coexist in the same patient ( 27), and they can produce a confusing ECG picture that is extraordinarily difficult to interpret without an intracardiac study (Fig. 4-27). Combined A–V nodal and infra-His block has been described as the mechanism in alternate-beat Type I block ( 27).



FIG. 4-27. Spontaneous multiple levels of second-degree block in the same patient. The rhythm is sinus, and there is a gradual prolongation of A–V nodal conduction (A–H interval) until the fourth atrial depolarization (A) is not followed by a His bundle deflection (H) or by ventricular depolarization (V). Following the next (fifth) atrial depolarization, the A–H interval shortens to 250 msec; that is, typical Type I second-degree A–V nodal block occurs. Note that the H–V interval remains constant at 120 msec, except following the second atrial depolarization (A), after which conduction fails following depolarization of the His bundle; that is, Type II second-degree infra-His block occurs.



6. Atrial pacing or the introduction of premature stimuli may precipitate latent prolongation or failure of conduction. The phenomenon may be physiologic (i.e., within the range of the normal responses described in Chapter 2) or pathologic (Fig. 4-19, Fig. 4-21; see also Chap. 5). 7. Presence of block may not be the sole cause of symptoms (see subsequent paragraphs on Therapeutic Considerations ). This is particularly true in the presence of organic heart disease where ventricular tachycardia is the cause of syncope. 8. When a pacemaker is to be implanted for assumed or proven intra- or infra-His block, V–A conduction may be intact. This can lead to a pacemaker syndrome or pacemaker-mediated tachycardia. Recognition of these potential problems helps the physician choose the appropriate pacemaker and programming to prevent their occurrence.



SUPPRESSION OF A–V CONDUCTION BY VENTRICULAR STIMULATION Several investigators have shown that rapid ventricular pacing can produce transient A–V conduction abnormalities ( 28). The mechanism for suppression of conduction in His-Purkinje tissue appears to be a cumulative, rate-related depression of amplitude and excitability of Purkinje fibers that persists following cessation of pacing (28). The ability to conduct retrogradely at rapid rates may be a requisite to this phenomenon. Most recent studies suggest that the block site might be the Purkinje-myocardial junction and that retrograde conduction to the Purkinje system is not necessary ( 28). I do not favor this explanation because it seems unlikely that all Purkinje-myocardial junctions would be affected similarly and simultaneously. We have seen this phenomenon occasionally; it has always occurred in the presence of a preexistent intraventricular and A–V conduction disturbance. Typically, we have seen this in the presence of bundle branch block and Mobitz II or 2:1 block. In such patients single ventricular premature depolarization or ventricular pacing can produce higher degree of heart block, which usually resolves in seconds. Wald and Waxman have shown that both rate and duration can affect the duration of block ( 29). The ability of single ventricular premature depolarization as well as ventricular pacing to induce this phenomenon is more compatible with earlier reports of requiring penetration into already diseased His-Purkinje system ( Fig. 4-28). Of note, all of our cases demonstrated concealed retrograde conduction (see Chap. 6). A second mechanism of perpetuation of this A–V disturbance is phase 4 block ( 30). This mechanism may be a more likely cause of paroxysmal A–V block following a VPC or APC.



FIG. 4-28. Effect of ventricular stimulation on antegrade conduction. Two-to-one and 3:2 Mobitz II infra-His block is present in a patient with left bundle branch block and left anterior hemiblock. The H–V of conducted complexes was 140 to 150 msec. A ventricular premature complex (VPC) is introduced following the first blocked sinus beat. This VPC is associated with good retrograde conduction, which then produces a higher degree of antegrade infra-His block. See text for discussion.



THERAPEUTIC CONSIDERATIONS Artificial permanent pacing via the epicardial or transvenous route is so far the only practical therapy for A–V conduction disorders. Patients considered for pacemaker therapy of a bradyarrhythmia can be generally placed in one of four groups: (a) those with sustained or documented bradyarrhythmia sufficient to precipitate hemodynamic deterioration and symptoms, (b) those with symptoms and suspected, but not documented paroxysmal bradyarrhythmia, (c) those with bradycardia-induced tachycardias, and (d) those who are asymptomatic but whose electrophysiologic findings place them at high risk for paroxysmal and potentially dangerous high-grade block and bradycardia ( Table 4-4).



TABLE 4-4. Indications for Cardiac Pacing in Chronic Heart Block



The decision to place a pacemaker in the first group (those with documented bradyarrhythmia and concomitant symptoms) is straightforward, regardless of the site of block. Decision making in the latter groups is more complex. In the second group (those with symptoms of a suspected bradyarrhythmic origin), one needs to weigh the chance of the symptomatology being cardiac against the evidence for an electrophysiologic substrate likely to cause paroxysmal block. Hence, the patient with paroxysmal syncope and no evidence of neurologic disease who has first-degree or second-degree intra-His or infra-His block appears to be a good candidate for a pacemaker despite the lack of direct correlation of bradyarrhytmia and the symptom. While the use of external event recorders may be useful in correlating symptoms with bradyarrhythmias, the relative infrequency of symptoms may make this impractical. Recently, an implantable loop recorder that can be interrogated like a pacemaker has been approved as a “syncope monitor” (Reveal™ Medtronics, Inc., Minneapolis). Further refinements are necessary to make detection automated. Whether this monitor will be more cost effective than implanting a pacemaker, with its own monitoring capabilities, is uncertain. Data from our laboratory ( 31,32) and others (33,34) have demonstrated that electrophysiology study may provide useful information in many of these patients, particularly when overt organic heart disease is present. In such instances, ventricular tachyarrhythmias can be induced, which are probably responsible for syncope ( 32,34). This is based on the fact that control of ventricular tachycardia in absence of pacemaker relieves symptoms ( 31). Many of these patients will still require pacemakers because antiarrhythmic agents required to suppress ventricular tachycardia increase third-degree A–V block. The decision to place a pacemaker in patients in the group of asymptomatic patients with alarming electrophysiologic findings is the most difficult and controversial one. In our experience, “first-degree” infra-His block with H–V intervals exceeding 100 msec, alternating bundle branch block with changing H–V intervals (see Chap. 5), as well as second- or third-degree intra-His or infra-His block, is so apt to result in severe paroxsymal symptoms that we recommend pacemaker therapy for all these patients, regardless of the absence of symptoms. Full electrophysiologic studies are of value in patients with syncope (recurrent) and heart disease. The presence of A–V conduction defects may merely represent unrelated manifestations of the same or different disease process. Thus, in such cases, pacemaker therapy should not be undertaken in the absence of a complete electrophysiologic evaluation. During pacemaker implantation for second-degree or third-degree A–V block, lidocaine or similar local anesthetics may increase A–V block and depress escape pacemakers (Fig. 4-29) (35). The sensitivity of the His-Purkinje system to lidocaine can be readily evaluated safely in the laboratory. In addition to aiding the decision on whether or not to pace, the electrophysiology study may help in choosing the mode of pacing. As noted, V–A conduction may be intact in some patients with complete infra-His block. In such an instance, ventricular pacing in the VVI(R) will give rise to a “pacemaker syndrome.” Such patients require DDD(R) pacemakers (see Chap. 13).



FIG. 4-29. Depressant effects of lidocaine on diseased His-Purkinje tissue. In the baseline state (top panel), 2:1 infra-His block is present. The conducted complexes show a left bundle branch block, left anterior hemiblock configuration, and have a markedly prolonged H–V interval of » 120 msec. Lidocaine (100 mg) produced complete intra-His block with no escape for more than a minute. See text for discussion.
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Intraventricular conduction disturbances are the result of abnormal activation of the ventricles. Normal ventricular activation requires the synchronized participation of the distal components of the atrioventricular (A–V) conducting system, that is, the main bundle branches and their ramifications. In addition, abnormalities of local myocardial activation can further alter the specific pattern of activation in that ventricle. In the last chapter, I discussed the entire infra-His system as a unit as a site of prolonged, intermittent, or failed conduction. In this chapter, I address the consequences of impaired conduction in the individual fascicles. I will not detail the influences of pathologic processes, such as infarction, on ventricular activation. However, I will discuss the effects of infarction on the characteristic patterns of “bundle branch block.” Because it is often difficult, if not impossible, to measure conduction times and refractory periods directly from the individual fascicles via catheter, identification of specific conduction defects usually depends on recognition of an altered pattern of ventricular activation on the surface ECG. Measurement of activation times at different areas of the ventricles has been suggested as a means of indirectly assessing conduction properties of the right bundle branch and the anterior and posterior divisions of the left bundle branch. This technique may be useful in evaluating conduction over the right bundle branch, particularly if simultaneous measurements from the right bundle branch are also obtained from the catheter and/or if the entire pattern of right ventricular activation is determined intraoperatively. However, there are many objections to its use in evaluating the left bundle branch system. The major objection stems from the fact that the left bundle branch does not divide into two discrete fascicles, but it rapidly fans out over the entire left ventricle. Thus, a detailed assessment of infra-His conduction in humans can be made only intraoperatively, where direct mapping of the entire subendocardial conducting system can be performed. Use of mathmatically divided electrograms from an intracoronary probe (Endocardial Solutions, Inc.) may provide assessment of His-Purkinje activation, particulary on the septum, but the use of this probe is complicated and expensive. Morever, the value of data obtained from this probe has not been assessed. Therefore, for practical reasons, clinical evaluation has primarily involved observations of the surface ECG pattern and on the H–V interval. Recordings of potentials of the right bundle branch and/or from the proximal and distal His bundle are of great help in determining sites of conduction delay or block associated with these specific electriocardiographic patterns and should be performed whenever possible. Traditionally, three major fascicles are considered to be operative in normal persons, although a fourth fascicle of the left bundle branch may participate in the initiation of intraventricular septal depolarization ( 1). The three major fascicles are (a) the right bundle branch, which is an anatomically compact unit that travels as the extension of the His bundle after the origin of the left bundle branch; (b) the anterior (superior) division of the left bundle branch block; and (c) the posterior (inferior) division of the left bundle branch. The left bundle branch and its divisions are, unlike the right bundle branch, diffuse structures that fan out just beyond their origin (some investigators have denied their distinct anatomic existence) ( 2,3). Nevertheless, specific patterns of altered ventricular activation as reflected in the QRS complex have been correlated experimentally, clinically, and anatomically with altered conduction in each of the fascicles.



DEFINITIONS 1. Right bundle branch block. QRS interval prolongation >120 msec with normal activation during the first half (approximately 60 msec) of the QRS complex, delayed intrinsicoid deflection in lead V 1, and abnormal anterior and rightward forces during the terminal portion of the QRS complex. 2. Left bundle branch block. QRS interval prolongation >120 msec or (usually >140 msec) delayed intrinsicoid deflection in lead V 6 (>0.075 sec); absent Q waves and slurred broad R waves in leads I, aVL, and V 6; rS or QS deflection in leads V 1 and V2; and an ST- and T-wave vector 180° discordant to the QRS vector. 3. Left anterior hemiblock. QRS interval of 100 msec or shorter (unless complicated by bundle branch block, hypertrophy, etc.), with a frontal plane QRS axis to the left of –30° with a counterclockwise loop, and initial activation in a rightward and inferior direction, with a small q wave in lead aVL and a small r wave in lead III, followed by leftward and superior forces with tall R waves in lead I and aVL and deep S waves in leads II, III, and aVF. 4. Left posterior hemiblock. Right ventricular hypertrophy, chronic lung disease, and extensive lateral wall myocardial infarction must be excluded. QRS interval of 100 msec or shorter (unless complicated by right bundle branch block), a frontal plane QRS axis to the right of +110°, with a clockwise loop, a small initial r wave in lead aVL, a small q wave in lead aVF, and a subsequently large terminal S wave in lead aVL and an R wave in aVF. 5. Intraventricular conduction defect (IVCD). QRS interval prolongation >120 msec with a pattern not conforming to left bundle branch block or right bundle branch block. An intraventricular conduction delay may be further classified as left or right ventricular, depending on the site of delayed intrinsicoid deflection and the direction of the terminal QRS forces. Although the term bundle branch block is standard nomenclature, the pathophysiology of this electrocardiographic pattern should be thought of in terms of relative conduction delay (of varying degree and including failure of conduction) producing asynchronous ventricular activation without necessarily implying complete transmission failure. Thus, a typical bundle branch block appearance may be due to marked conduction delay in the bundle branch and not to failure of conduction. The point is demonstrated by (a) varying degrees of “complete” bundle branch or fascicular block manifested by further axis shift or QRS widening either spontaneously or following premature extrastimuli ( 4) and (b) spontaneous or induced alternating “complete” bundle branch block ( Fig. 5-1 and Fig. 5-2) (5). Obviously, in the latter instance, one could not have complete block in one bundle branch and then develop complete block in the other bundle branch without total failure of A–V conduction.



FIG. 5-1. Incomplete nature of bundle branch block. From top to bottom in each panel: surface ECG leads 1, 2, 3, and V 1 high-right atrium (HRA), His bundle



electrogram (HBE), and time lines (T) at 10 msec and 100 msec. In both panels, the basic atrial drive is at a cycle length of 600 msec. In the top panel, an atrial premature stimulus (A2) is introduced at a coupling interval of 330 msec. The resulting QRS complex is conducted in “complete” RBBB pattern. In the bottom panel, an atrial premature stimulus at a coupling interval of 300 msec results in a QRS complex conducted in an LBBB pattern.



FIG. 5-2. Alternating bundle branch block. The first complex shows left bundle branch block and an H–V interval of 70 msec (with a corresponding P–R interval of 0.19 sec). The second complex shows right bundle branch block with left anterior fascicular block and an H–V interval of 140 msec (with a corresponding P–R interval of 0.26 sec). Note the relationship of the ventricular electrogram in the His bundle recording of the right ventricular apex electrogram (dotted line) during each conduction pattern.



The marked H–V prolongation during left bundle branch block in Figure 5-1 and during right bundle branch block in Figure 5-2 reflects slowed conduction in the contralateral bundle branch to the one demonstrating “block” on the surface electrocardiogram. The difference in conduction time in the bundle branches allows the ventricles to be activated asynchronously, producing the typical QRS patterns of bundle branch block. Thus when alternating bundle branch “block” is observed, one assumes that the bundle branch block pattern associated with the long H–V is blocked, while the contralateral bundle is slowly conducting.



SITE OF “BLOCK” OR CONDUCTION DELAY DURING BUNDLE BRANCH BLOCK Interest in the site of block and/or conduction delay in the fascicles stems from the recognition that bifascicular block, especially right bundle branch block with left anterior hemiblock, is the most common ECG pattern preceding the development of A–V block. Because these ECG patterns are common, we need to elucidate factors that can predict who will develop A–V block. Determining the site of bundle branch block is the first step in this process. Despite the ECG-anatomic correlates that have been made, the exact site of block or conduction delay producing bundle branch block patterns is not certain in all cases. Longitudinal dissociation with asynchronous conduction in the His bundle may give rise to abnormal patterns of ventricular activation ( 6); hence, the conduction problem may not necessarily lie in the individual bundle branch. This phenomenon has been substantiated in the case of both left bundle branch block and left anterior hemiblock by normalization of the QRS complex, H–V interval, and ventricular activation times during His bundle stimulation ( Fig. 5-3) (7,8). These findings suggest that fibers to the left and right ventricles are already predestined within the His bundle and that lesions in the His bundle may produce characteristic bundle branch block patterns. Moreover, it is not uncommon to observe intra-His disease (widened or split His potentials) accompanying bundle branch block, particularly left bundle branch block.



FIG. 5-3. Normalization of left bundle branch block and left anterior fascicular block by distal His bundle (BH) stimulation. A. Sinus rhythm with an H–V interval of 55 msec. B. QRS complex normalization for the first three beats during distal BH stimulation with a PI (pacing impulse)–R interval of 40 msec, which is 15 msec shorter than the basal H–V interval. The last three beats during proximal BH pacing demonstrate a QRS complex identical to those in panel A and a PI–R interval (55 msec) equivalent to the basal H–V interval. (From: Narula OS. Longitudinal dissociation in the His bundle: bundle branch block due to asynchronous conduction within the His bundle in man. Circ 1977;56:996.)



The frequency with which conduction disturbances in the His bundle are responsible for the fascicular and bundle branch blocks is not known. The use of multipolar catheters to record distal, mid-, and proximal His bundle potentials or proximal right bundle and proximal His bundle potentials are of great use in delineating how frequently very proximal lesions result in a particular bundle branch block. It is theoretically appealing to postulate that such longitudinal dissociation in the His bundle causes the conduction abnormalities that ultimately result in complete A–V block in either the setting of acute anteroseptal infarction or sclerodegenerative diseases of the conducting system. The sudden simultaneous failure of conduction through all peripheral fascicles would appear much less likely than failure at a proximal site in the His bundle or at the truncal bifurcation. An example supporting this concept is shown in Figure 5-4, in which atrial pacing in a patient with left bundle branch block and split His potentials produces progressive prolongation of conduction and ultimate block between the two His potentials, that is, in the His bundle.



FIG. 5-4. Site of block in left bundle branch block. ECG leads I, II, III, V1 and V6 are shown with electrograms from the high-right atrium (HRA) and proximal (HIS p) and distal (HIS d) His bundle. On the left, during right atrial pacing at a cycle length of 380 msec, there is an intra-His conduction helay H–H' of 85 msec but the H'-V is normal. With an abrupt to a paced cycle length of 360 msec, the H–H' increases to 140 msec, then block occurs between the H and H'. Delay and block is therefore intra-His.



The site of transient bundle branch block may differ from that of chronic or permanent bundle branch block. Studies in the clinical electrophysiology laboratory in which distal His bundle or proximal right bundle branch recordings are used along with right and left ventricular endocardial mapping and/or intraoperative studies have both proved useful in better defining the sites of block in patients with either chronic or transient bundle branch block (i.e., aberration). Because the likelihood of developing complete A–V block may depend on the site of conduction or block in individual fascicles, obtaining such data is critical to predicting risk of A–V block. Failure to do so may explain variability of published data in predicting progression of bifascicular block to complete A–V block. (See section on predicting risk of heart block.) Results of activation studies during bundle branch block are described in the following paragraphs. Chronic Right Bundle Branch Block Intraoperative studies have clearly shown that the electrocardiographic pattern of right bundle branch block can result from lesions at different levels of the conducting system in the right ventricle ( 9,10). These studies were performed during operative procedures for congenital heart disease, the most common of which was repair of tetralogy of Fallot. Endocardial mapping was performed from the His bundle along the length of the right bundle branch, including the base of the moderator band, where it separated into the septal divisions, the anterior free wall, and the outflow tract. Epicardial mapping was also performed. The use of both endocardial and epicardial mapping clearly demonstrated three potential levels of block in the right ventricular conduction system that could lead to the electrocardiographic pattern of right bundle branch block: (a) proximal right bundle branch block, (b) distal right bundle branch block at the level of the moderator band, and (c) terminal right bundle branch block involving the distal conducting system of the right bundle branch or, more likely, the muscle itself ( 10). Proximal right bundle branch block was the most common form noted after transatrial repair of tetralogy of Fallot ( 9,10), and similar studies in adults suggest it is also the most common spontaneously occurring type of chronic right bundle branch block ( 11,12 and 13). In proximal right bundle branch block, loss of the right bundle potential occurs where it is typically recorded ( Fig. 5-5). Activation at these right ventricular septal sites is via transseptal spread from the left ventricle. This results in delayed activation of the mid- and apical right ventricular septum, the right ventricular anterior wall at the insertion of the moderator band, and the right ventricular outflow tract (RVOT) (Fig. 5-6). Epicardial mapping in patients preoperatively and postoperatively shows a change from the normal right ventricular breakthrough at the midanterior wall with concentric spead thereafter, to a pattern showing no distinct right ventricular breakthrough but right ventricular activation occurs via transseptal spread following left ventricular activation. In Figure 5-7, this transseptal spread begins at the apex and then sequentially activates the midanterior wall and base of the heart. Left ventricular activation remains normal. In cases of proximal right bundle branch block, the mid- and apical septum are activated at least 30 msec after the onset of the QRS.



FIG. 5-5. Specialized conduction system map in proximal right bundle branch block (RBBB). ECG lead 3 is shown with electrograms recorded from the distal His bundle (H), proximal right bundle branch (PRB), distal right bundle branch (DRB), and anterior wall Purkinje fiber (PJ). Intervals (in milliseconds) measured from the conduction system electrograms to the onset of ventricular activation are shown. Before repair, sequential electrograms were recorded along the length of the right bundle branch. The ventricular septal electrograms recorded at each site occur early in the QRS complex. After repair, RBBB is present. A distal His bundle potential was recorded, but no other electrograms of the specialized conduction system could be recorded. The septal electrograms in the mid-RV and apical areas (PRB, DRB) are recorded later in the QRS. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-6. Selected epicardial electrograms in proximal right bundle branch block. ECG leads 1, 2, and 3 are shown with a reference electrogram recorded in the left ventricle (LV) and mapping electrograms recorded at the right ventricular apex (RVA), right ventricular anterior wall (RVAW), and right ventricular outflow tract (RVOT) before and after transatrial repair of tetralogy of Fallot. The vertical lines indicate the onset of the QRS, and the numbers indicate time (in milliseconds) from the vertical line to the local electrogram. Before repair, the RVAW was the earliest site in the right ventricle. After repair, the earliest right ventricular site was the apex, which was activated 25 msec later than before repair. The latest ventricular epicardial activation occurred on the RVOT at 144 msec (cf. Fig. 5-7). (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-7. Epicardial activation in proximal right bundle branch block. ECG leads 1, 2, and 3 are shown with a schematic representation of the epicardial surface before and after transatrial repair of ventricular septal defect. Anterior and posterior projections of the heart are shown. (The lateral projection is omitted because no changes occurred in that segment of the left ventricle.) Activation times at selected epicardial sites are shown with 20 msec, and the right ventricular activation pattern was normal. After repair, the QRS duration was 92 msec, and activation at all right ventricular sites was delayed. Right ventricular activation began along the anterior interventricular groove and spread radially to the base. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



In distal right bundle branch block, activation of the His bundle and proximal right bundle branch is normal. Right bundle branch potentials persist at the base of the moderator band and are absent at the midanterior wall, where the moderator band normally inserts ( Fig. 5-8). This form of bundle branch block only occurred when the moderator band was cut during surgery. Thus, this form of right bundle branch block is extremely rare as a spontaneous form of bundle branch block. In distal right bundle branch block, the apical and midseptum are normally activated, but activation of the free wall at the level of the moderator band is delayed, as is the subsequent activation of the RVOT ( Fig. 5-9 and Fig. 5-10). Epicardial activation shows a small area of apical right ventricular activation that is the same as preoperatively. Activation at the midanterior wall, which was the site of epicardial breakthrough in the right ventricle preoperatively, was delayed, as was subsequent activation of the remaining right ventricle ( Fig. 5-10).



FIG. 5-8. Specialized conduction system map in distal right bundle branch block. ECG lead 3 is shown with electrograms recorded from the distal His bundle (H), proximal right bundle branch (PRB), two sites in the distal right bundle branch at the septal base of the moderator band (DRB 1) and at the midportion of the moderator band (DRB2), and an anterior wall Purkinje fiber (PJ). Intervals (in milliseconds) measured from the conduction system electrograms to the onset of ventricular activation are shown. Sequential recordings along the course of the right bundle branch were obtained before the repair. After sectioning of the moderator band, conduction system recordings were obtained from PRB and DRB1. Electrograms recorded beyond this level showed no specialized conduction system potentials. The DRB2 electrogram recorded after repair is not shown because that area was resected. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-9. Selected epicardial electrograms in distal right bundle branch block. ECG leads 1, 2, and 3 are shown with a reference electrogram recorded in the left ventricle (LV) and mapping electrograms recorded at the right ventricular apex (RVA), right ventricular anterior wall (RVAW), and right ventricle outflow tract (RVOT) before and after transatrial repair of tetralogy of Fallot. The vertical lines indicate the onset of the QRS, and numbers indicate time (in milliseconds) from the vertical line to the local electrograms. Before repair, the RVAW was the earliest right ventricular site. After repair, right bundle branch block (RBBB) was present, and the earliest activation was at the RVA. Despite the presence of RBBB, the RVA activation time after repair did not significantly differ from the value before repair. Activation of the RVAW and RVOT were delayed (cf. Fig. 5-10). (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-10. Epicardial activation in distal right branch block. ECG leads 1, 2, and 3 are shown with a schematic representation of the epicardial surface before and after transatrial repair of tetralogy of Fallot. Anterior and posterior projections of the heart are shown. Activation times at selected epicardial sites are shown with 20 msec isochrones. Before repair, the right ventricular activation pattern was normal. After repair, the QRS duration increased and a terminal slurred S wave appeared. The earliest right ventricular activation occurred at the right ventricular apex and along the midanterior interventricular groove. Right ventricular apical activation times before and after repair were similar. Activation of the remainder of the right ventricle was delayed; left ventricular activation did not change. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



Terminal right bundle branch block was the second most common form of right bundle branch block observed following either transatrial or transventricular repair of tetralogy of Fallot. Activation along the specialized conducting system (i.e., His bundle and and right bundle branches) remains normal up to the Purkinje-myocardial junction (Fig. 5-11). In contrast to proximal and distal right bundle branch block, activation of the midanterior wall is unchanged from normal, and only the right ventricular outflow tract shows delayed activation. Epicardial mapping demonstrates slowly inscribed isochrones from the infundibulum to the base of the heart ( Fig. 5-12 and Fig. 5-13). Of note, terminal right bundle branch block, which is probably due to interruption of the terminal Purkinje network and/or intramyocardial delay can have two quantitatively similar but qualitatively different patterns ( 10).



FIG. 5-11. Specialized conduction system map in terminal right bundle branch block. ECG lead 3 is shown with electrograms recorded from the distal His bundle (H), proximal right bundle branch (PRB), distal right bundle branch (DRB), and anterior wall Purkinje fiber (PJ) before and after transatrial repair of tetralogy of Fallot. Intervals (in milliseconds) measured from the conduction system electrograms to the onset of ventricular activation are shown. Sequential electrograms were recorded along the length of the right bundle branch before and after repair despite the presence of right bundle branch block after repair. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-12. Selected epicardial electrograms in terminal right bundle branch block (RBBB). ECG leads 1, 2, and 3 are shown with a left ventricular (LV) reference electrogram and with mapping electrograms recorded at the right ventricular apex (RVA), right ventricular anterior wall (RVAW), and right ventricular outflow tract (RVOT) before and after transatrial repair of tetralogy of Fallot. The vertical lines indicate the beginning of the QRS, and the numbers indicate time (in milliseconds) from the vertical line to the local electrograms. Before repair, right ventricular activation was earliest in the RVAW and latest in the RVOT, 67 msec after the onset of the QRS. After repair, RBBB was present and RVAW and RVA activation were not changed, but activation of the RVOT was delayed 45 msec (cf. Fig. 5-13). (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



FIG. 5-13. Epicardial activation in terminal right bundle branch block. ECG leads 1, 2, and 3 are shown with a schematic representation of the epicardial surface before and after transatrial repair of tetralogy of Fallot. Anterior and posterior projections of the heart are shown. Activation times at selected epicardial sites are shown with 20-msec isochrones. Before repair, the right ventricular activation pattern was normal. After repair, right bundle branch block appeared, and outflow tract activation was delayed. Activation of the right ventricular anterior wall with a normal epicardial breakthrough site was unchanged after repair. (From: Horowitz LN, Alexander JA, Edmunds LH Jr. Postoperative right bundle branch block: identification of three levels of block. Circ 1980;62:319.)



During terminal bundle branch block produced by ventriculotomy, the latest activation is adjacent to the ventriculotomy scar. In contrast, when terminal bundle branch block is produced by transatrial resection, then the delayed activation appears as a smooth homogenous slow spread from the anterior infundibulum to the posterobasal aspects of the outflow tract. These data help resolve previously reported experimental work and clinical studies by a variety of authors ( 14,15,16,17,18 and 19). Our findings were similar to those of Wyndham ( 11), Wyndham et al. (12), and Van Dam (13). Clinically, these findings ( 9,10,11,12 and 13) are relevant because terminal or distal bundle branch block, when accompanied by disorders of left ventricular conduction, may not indicate an increased risk of heart block. Such distal or terminal block has been seen in atrial septal defect, where conduction in the right bundle branch is normal but stretching of terminal Purkinje fibers and/or muscle causes delayed activation of the right ventricular outflow tract ( 17). I have also seen terminal bundle branch block in patients with cardiomyopathy and chronic lung disease. Finally, I have also seen this pattern in rare patients with right ventricular infarction associated with the development of an RBBB pattern. In this latter case the duration of the QRS does not exceed 120 msec. In my opinion, these data favor a delay in intramyocardial conduction as the primary cause of terminal conduction delay. Determination of either proximal or terminal bundle branch block can easily be made in the clinical electrophysiology laboratory by demonstrating normal activation time of the mid- and apical septum in the presence of right bundle branch block. If right bundle branch block is proximal, activation of the mid- and apical septum will be delayed, producing a V (onset of the QRS) to local RV activation time exceeding 30 msec (20,21). If the right bundle branch block is the rare distal type or, more commonly, the terminal right bundle branch block, the local activation time at the mid- and apical septum will be normal (i.e., 140 msec. Only three patients had normal H–V times. Unfortunately, we did not record right bundle potentials or distal His potentials to localize the source of H–V prolongation (see



following discussion). We performed catheter mapping studies, as described in Chapter 2. We recorded standard activation sites ( Fig. 5-14) in the right and left ventricle in sinus rhythm with fixed and variable-gain electrograms using both a 1 cm and 5 mm interelectrode bipolar recording. There was no difference in activation times between them. We therefore defined local activation as the point on the 1-cm variable-gain electrogram at which the largest rapid deflection crossed the baseline. When a fractionated electrogram was present without a surface discrete deflection >1 mV in amplitude, we used the rapid deflection of highest amplitude as local activation time. In addition, we measured the onset and offset of local activation from the fixed gain electrogram from the time the electrical signal reached 0.1 mV from baseline to the time of the amplifier decay signal (see Fig. 2-11). We defined transseptal conduction time as the difference between local activation time at the right ventricular septum (usually near the apex) and the earliest left ventricular activation time. We also evaluated the total left ventricular activation time, which was the difference in time from the earliest to the latest left ventricular endocardial activation. The average number of left ventricular sites mapped was 14 ± 3 per patient (range, 8 to 19). There was no difference in a number of sites mapped among any of the three groups.



FIG. 5-14. Schema of mapping sites in the right and left ventricles. (From Josephson ME, et al. Role of catheter mapping in the preoperative evaluation of ventricular tachycardia. Am J Cardiol 1982;49:207.)



Twelve of 18 patients had only one site of a left ventricular endocardial breakthrough. In nine patients, this was in the middle third of the left ventricular septum, and in three patients, it was at the apical third of the septum. In the remaining six patients, we observed simultaneous early activation at two left ventricular sites; in two patients, two sites were on the septum (one in the middle third and one at the apical septum), and in one, the apical septum and superior basal free wall. In contrast to the studies of Wyndham et al. ( 11), we found that the latest site of left ventricular activation was frequently at the base of the heart in patients with normal axis, while it was more variable in those with left axis ( Table 5-1) (22).



TABLE 5-1. Relationship Between QRS Axis and Activation Sequence



Left ventricular endocardial activation began a mean of 52 ± 17 msec after the onset of the surface QRS ( Table 5-2). We observed no difference in any of the three groups. In the normal patients, left ventricular activation began 44 ± 13 msec after the QRS, in patients with cardiomyopathy, left activation began 58 ± 13 msec after the onset of the QRS, and in the patients with prior infarction, left ventricular septal activation began at 51 ± 20 msec after the QRS.



TABLE 5-2. Results of Left Ventricular Mapping



The earliest activity in local anteroseptal sites was similar in the normal and cardiomyopathic groups, at 23 ± 9 and 23 ± 19 msec. However, earliest activation recorded in the septum in patients with prior anteroseptal infarction was only 11 ± 11 msec and was significantly shorter than that reported in the other groups (p < .05). Using the difference from the earliest to latest activation times, total left ventricular endocardial activation was also much greater in the group with prior infarction (119 ± 32 msec) than in the other two groups (81 ± 26 and 61 ± 15, respectively) (p < .05). Total left ventricular activation time, as measured by the earliest onset to the latest offset of the fixed gain electrograms, was also much greater than in the group with prior infarction: 219 ± 77 msec versus 126 ± 37 msec in the normal patients and 125 ± 22 msec in the patients with cardiomyopathy. This difference was significant, p < .05. Of note, comparison of total left ventricular endocardial activity to the total QRS complex indicated that the duration of left ventricular endocardial activity in patients with prior infarction was 113 ± 34% of the QRS duration, while in the normal patients and cardiomyopathic patients, endocardial activation approximated 80% of the QRS duration. The latest site of left ventricular activation was most often near the base of the heart in the normal and cardiomyopathy group, just as it is in patients with normal QRS. However, the latest site of endocardial activation in patients with left bundle branch block associated with myocardial infarction was variable and was related to the site of previous infarction. Frequently, the latest site to be activated was within the site of prior infarction. The interval between local activation at the right ventricular apex and the earliest rapid deflection noted in the left ventricle (i.e., transseptal activation) was similar in our groups of patients and averaged 33 msec. However, if one measured the interval between local activation at the right ventricular apex and the rapid deflection at the corresponding left ventricular site (site 2), it was longer, averaging 46 ± 50 msec; we noted no differences in any of the three groups. As noted earlier, when we



used the fixed high-gain recording for earliest activation, the patients with prior anteroseptal infarction had the earliest activation recorded from onset of the QRS to the high-gain septal recording. We believe that this represents activation within the septum, which is thinner, and probably represents the right and medial part of the intraventricular septum. Patients with cardiomyopathy and normal hearts have thicker septums and therefore do not record right and intramural septal recordings from the endocardial surface of the left ventricle. We performed right ventricular endocardial mapping in seven patients with left bundle branch block ( 22). One patient had a normal heart, three had cardiomyopathy, and three had prior infarctions. We mapped an average of six right ventricular sites. Right ventricular endocardial breakthrough occurred 8 ± 9 msec after the onset of the QRS and was usually at the midseptum. This corresponded with the initial 5% of the QRS complex. Activation then spread concentrically to the midanterior wall and the remainder of the septum, with latest activation at the RVOT. Total right ventricular endocardial activation using the beginning of the first to the last rapid deflection was completed in 36 ± 13 msec, which corresponded to the first 21 ± 7% of the surface QRS complex. We noted no difference in right ventricular activation in any of the groups. When measurements were made using high-gain electrograms, earliest activity typically preceded the onset of the QRS and was at the midseptal site similar to using the rapid deflection. Thus, although rapid delay of transseptal activation is common to all forms of left bundle branch block, the type of heart disease markedly influences the subsequent pattern of left ventricular activation. Patients with prior and extensive infarction had the longer left ventricular activation times than those patients with no heart disease or cardiomyopathy. Of note, patients with cardiomyopathy and no heart disease had rapid left endocardial activation comparable to endocardial activation in patients with a normal QRS. Examples of isochronic maps during left bundle branch block in patients with normal left ventricular endocardial activation and cardiomyopathy are contrasted with that of a patient with delayed activation associated with anterior infarction in Figure 5-15 and Figure 5-16. Analog recordings in comparable patients are shown in Figure 5-17 and Figure 5-18. In patients with cardiomyopathy, left ventricular endocardial activation is rapid and smooth. In contrast, in patients with infarction, left ventricular endocardial activation is markedly delayed and associated with abnormal conduction, manifested by fractionated electrograms and narrowed isochromes. Higher density mapping (60–200 sites) using the Carto System (Biosense) has confirmed these data.



FIG. 5-15. Isochronic map of left ventricular activation in a patient with a cardiomyopathy and two sites of left ventricular breakthrough. Numbers represent local activation times, and lines represent 10-msec isochrones. Note early breakthrough at apical septum (site 2, 65 msec) and basal superior free wall (site 12, 64 msec). The isochrones are widely spaced, demonstrating a normal left ventricular endocardial activation. (From: Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block. Circ 1984;69:914.)



FIG. 5-16. Isochronic map of left ventricular activation of a patient with coronary artery disease and one site of left ventricular breakthrough. Numbers represent local activation times, and lines represent 10-msec isochrones. Earliest left ventricular breakthrough is at midseptum (site 3) 45 msec after the onset of the QRS. Note closely aligned isochrones and total endocardial activation, which is prolonged, ending 158 msec after the onset of the QRS. (From: Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block. Circ 1984;69:914.)



FIG. 5-17. Analog map of patient with cardiomyopathy. Surface leads 1, aVF, and V1 are displayed with local electrograms from the right ventricular apex (RVA) and designated left ventricular (LV) sites. The duration of total LV endocardial activation is 40 msec. (From: Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block. Circ 1984;69:914.)



FIG. 5-18. Analog map of a patient with coronary artery disease. Surface leads 1, aVF, and V1 with local electrograms from the right ventricular apex (RVA) and designated left ventricular (LV) sites. The duration of total LV endocardial activation is 143 msec. (From: Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block. Circ 1984;69:914.)



We believe that the heterogeneity of endocardial activation in patients with left bundle branch block is a manifestation of the integrity of the distal specialized conducting system. Patients with normal hearts and cardiomyopathies appear to have intact distal conducting system and, hence, early engagement and rapid spread through the rest of the intramural myocardium. In those patients with large anterior infarctions, the bulk of their distal specialized conducting system has been destroyed. As a consequence, their endocardial activation is via muscle-to-muscle conduction and thus is much slower. That hypothesis is strongly supported by our analysis of left ventricular endocardial maps in 40 patients during right ventricular pacing, which, we have shown, mimics left bundle branch block ( 23). We compared patients with no heart disease, those with inferior infarction, and those with anterior infarction ( 23). The data again demonstrated that left ventricular endocardial activation patterns and conduction times were markedly influenced by the site and extent of prior infarction. We always observed longer endocardial activation times in patients with large anterior infarctions. Left ventricular activation times in patients with inferior infarction were intermediate between those without heart disease and those with anterior infarction. We believe this may be due to a lower density of His-Purkinje fibers, which contribute less to activation of the basal inferior wall, which is normally activated late in the QRS. Thus, inferior infarction would have less of an effect on total endocardial activation. Analog records and isochronic maps in a patient with no infarction and one with an anterior infarction are shown in Figure 5-19, Figure 5-20 and Figure 5-21. They are remarkably similar to those comparable patterns recorded in spontaneous left bundle branch block. Thus, the only common bond in patients with left bundle branch block is a delay in transseptal activation.



FIG. 5-19. Analog map during right ventricular pacing. Surface leads 1, aVF, and V1 are displayed with local electrograms from the right ventricular apex (RVA) and 12 designated left ventricular (LV sites). Duration of LV endocardial activation is shorter in the group I patient without infarction ( left) than in the group III patient with anterior myocardial infarction (AMI). See text for explanation. (From: Vassallo JA, Cassidy DM, Miller JM, et al. Left ventricular endocardial activation during right ventriuclar pacing: Effect of underlying heart disease. J Am Coll Cardiol 1986;7:1228.)



FIG. 5-20. Isochronic map during right ventricular (RV) pacing in a group I patient: no infarct, QRS duration, 180 msec. Left ventricular local activation times (in milliseconds) are indicated with 10-msec isochrones. Note one septal breakthrough site at 70 msec and complete activation in 58 msec. (From: Vassallo JA, Cassidy DM, Miller JM, et al. Left ventricular endocardial activation during right ventriuclar pacing: effect of underlying heart disease. J Am Coll Cardiol 1986;7:1228.)



FIG. 5-21. Isochronic map during right ventricular (RV) pacing in a group III patient: anterior myocardial infarction (AMI) QRS duration, 200 msec. Local activation times are indicated with 10-msec isochrones. Note one septal breakthrough site at 65 msec and complete activation in 103 msec. See text for explanation. (From: Vassallo JA, Cassidy DM, Miller JM, et al. Left ventricular endocardial activation during right ventriuclar pacing: effect of underlying heart disease. J Am Coll Cardiol 1986;7:1228.)



The pattern in which the left ventricle is activated initially (i.e., site of breakthrough), as well as the remainder of left ventricular endocardial and transmural activation, depends critically on the nature of the underlying cardiac disease. Thus, the bizarreness of the QRS, that is, the greater QRS width, is more a reflection of left ventricular pathologic condition than of primary conduction disturbance. Our data ( 22,23) suggest that whenever the pattern of left bundle branch block is present, regardless of variability of QRS patterns, a similar degree of “block” in the left bundle branch is present in all groups of patients, at least as regards transseptal activation. This conclusion is at odds with others who suggest that left axis deviation is required for “complete” left bundle branch block ( 28). Thus, the risks of A–V block associated with the appearance of left bundle branch block should be similar in all groups of patients. However, the underlying cardiac disease is the major determinant of QRS width and morphology, left ventricular endocardial activation times, and overall mortality. Transient Bundle Branch Block



Intermittent or transient bundle branch block (aberration) may have several mechanisms. These include (a) phase 3 block in which the initial aberrant complex is caused by encroachment on the refractory period (phase 3 of the action potential); (b) acceleration-dependent block in which at critical increasing rates (but well below the action potential duration) block occurs; (c) phase 4 or bradycardic-dependent block, which is due to a loss of resting membrane potential owing to disease and/or phase 4 depolarization; and (d) retrograde concealment in which retrograde penetration of a bundle branch renders it refractory to subsequent beats. Both acceleration-dependent and bradycardic-dependent block are manifestations of a diseased His-Purkinje system and should be thought of as abnormal. Phase 3 block, however, is physiologic. These proposed mechanisms of aberration can occur anywhere in the specialized conducting system. Unlike chronic bundle branch block, the site of block during aberration can shift. The use of intracardiac recordings that contain proximal and distal His bundle recordings or proximal His bundle and proximal right bundle branch recordings has been helpful in demonstrating this ( 25). Proximal right bundle branch block has been defined by disappearance of a right bundle recording that was previously present. However, absence of a right bundle branch block potential may represent block proximal to the right bundle potential, slow conduction proximal to the right bundle potential so that it is activated during the QRS, or such slow decremental conduction in the right bundle branch that is not recordable as a “spike.” Distal block in the right bundle branch is said to exist when the proximal right bundle branch recording remains present during intermittent bundle branch block. Most of the data suggest, however, that proximal block is responsible for at least the initial appearance of right bundle branch block during phase 3 block. An observation that supports this concept is that during increasing “degrees” of right bundle branch block in response to atrial premature stimuli, an increasing His to right bundle branch potential is observed before the development of complete block, when absence of the right bundle recording is observed ( Fig. 5-22 and Fig. 5-23) (24).



FIG. 5-22. Right bundle branch potentials in incomplete and complete right bundle branch block (RBBB) . A and B. The basic atrial cycle length is constant at 700 msec, and progressively shorter atrial coupling intervals (A 1A2) are shown. The HV and RB–V interval during sinus beats (last beat in both panels) measure 50 and 25 msec, respectively, with an H–RB interval of 25 msec. Shortening in the S 1S2 interval to 350 msec, A, results in an incomplete RBBB pattern, and a further increase in the H2–RB2 occurs (RB 1–RB2 exceeds H1–H2 by 15 msec). B, During the complete RBBB pattern, no identifiable RB 2 potential is recorded. Although not labeled, H 1V1 and H2–V 2 values measure the same in all panels, and the H 1–H2 therefore equals V 1V2. Tracings from top to bottom are ECG leads I, II, VI, high-right atrial (HRA) electrogram, His bundle electrogram (HBE), right bundle electrogram (RBE), and time lines (T). All measurements are in milliseconds. Pertinent deflections and intervals are labeled and for the most part self-explanatory. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



FIG. 5-23. Disappearance of right bundle potential during right bundle branch block (RBBB) pattern in two patients. A. Two recordings are from the His bundle (HB) region with HV intervals of 50 and 40 msec, respectively, and one is right bundle (RB) recording with an RB–V interval of 20 msec. With premature stimulation (S) at comparable atrial coupling intervals, the RB potential is not identifiable when the QRS complex shows an RBBB pattern (second and sixth beats) but is clearly recognizable when the QRS complex has a normal morphology (fourth beat). The HV interval measures the same for all beats. B. The HV and RB intervals are 40 and 10 msec, respectively. During premature atrial stimulation from the coronary sinus (CS, second and fifth beats), the QRS complex shows an RBBB pattern without concomitant change in the HV interval. The RB potential, however, disappears from its expected location and can be recognized within the local ventricular electrogram (small arrows), signifying a marked increase in H–RB interval after the atrial premature beats. All measurements are in milliseconds. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



In addition to the absence of the proximal right bundle branch potential, the time from the onset of QRS to the midseptal right ventricular recording site exceeds 30 msec, as noted previously, in chronic right bundle branch block. Almost invariably, when right bundle block aberration occurs at long cycle lengths, the delay and block are proximal to the right bundle branch recording. Distal delay (i.e., right bundle branch block in the presence of a normal His to right bundle branch potential recording) is rare but may occur at shorter cycle lengths ( Fig. 5-24). Thus, there appears to be some cycle length dependency of the site of block, and shifts can occur. This is particularly so during rapid rhythms, whether paced or spontaneous, in which the initial site of block is almost always proximal with loss of a right bundle recording, but on subsequent complexes, the right bundle branch potential may reappear, suggesting a shift from proximal to distal site of block.



FIG. 5-24. Distal block in the right bundle (RB) branch. The basic atrial cycle length is 700 msec, and the H 1V1 and RB1V1 measure 45 and 25 msec, respectively. A. The A1 conducts with a right bundle branch block (RBBB) pattern. B. A2 shows a block in the His-Purkinje system. In both panels, the H–RB interval is the same as sinus beats, and conduction delay and block are distal to the RB recording site. All measurements are in milliseconds. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker



S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



Akhtar (25) has clearly demonstrated a shift in the site of block during a rapid pacing producing 2:1 block below the His ( Fig. 5-25). Although the initial site of block is below the His and above the recorded right bundle potential, on subsequent blocked atrial complexes, a right bundle potential reappears, suggesting that during trifascicular block the site of right bundle branch block is distal to the right bundle recording. Persistence of right bundle branch block during 1:1 conduction with a normal H–RB interval may be due to a shift to a distal site; however, I believe this more likely is due to retrograde concealed conduction with collision below the right bundle recording site ( Fig. 5-25B).



FIG. 5-25. Migration of block in the right bundle (RB) branch during rapid pacing. A. A period of stable function 2:1 atrioventricular block in the His-Purkinje system before resumption of 1:1 conduction. The second, fourth, and sixth impulses are followed by His (H) but no RB potentials. The eighth atrial impulse, however, is followed by both H and RB potentials, and the H–RB interval measures the same as sinus beats. The tenth atrial impulse conducts with a left bundle branch block (LBBB) pattern and is preceded by prolonged H–V and RB–V intervals and a normal H–RB interval. The association of delay distal to RB recording in association with LBBB at this moment is because the site of delay had already shifted from a proximal to a distal location (beyond the RB potential) before resumption of 1:1 conduction. Perpendiculars are drawn in appropriate places to show the timing of the H–RB activation. B. Atrial pacing at a constant cycle length of 380 msec and two missed atrial captures (seventh and eight stimuli). The second atrial impulse is followed by H but no RB deflection, while the third atrial impulse conducts normally. The next two beats conduct with an LBBB pattern; the H–V and H–RB intervals preceding the first aberrant beat are prolonged but return to normal with the second aberrant beat. The RB–V interval preceding both beats with LBBB pattern measure the same as sinus beats (not labeled). During the first beat with an RBBB pattern (seventh QRS complex), the H–V interval is prolonged and no RB potential is recorded; however, the H–V and RB–V intervals preceding the second beat with RBBB measure the same as normal beats and are shown by perpendiculars. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



The persistence of aberration at longer cycle lengths than that at which aberration was initially noted strongly favors retrograde concealment as the mechanism of persistent aberration. A shifting site of block should ultimately lead to resumption of normal conduction unless persistence of retrograde concealment is also present. Furthermore, in the presence of a shift, one would expect changing His-to-RB and RB–V intervals, because these intervals should change as the site of block changes. The sudden resumption of normal H–RB and RB–V times (Fig. 5-26) is more consistent, I believe, with retrograde concealment. The fact that ventricular premature complex (VPCs) delivered during aberration can suddenly normalize conduction is further evidence that retrograde concealment is the responsible mechanism (see Chap. 6) (26).



FIG. 5-26. Site of block during perpetuation of right bundle branch block aberration. Same patient as Figure 5-22. A and B. The induction of right bundle (RB) branch block with two, (A) and three (B) successive premature atrial beats is shown. The H–V intervals following all premature beats in both panels measure the same as sinus beats (not labeled). After A 2, no RB potentials can be identified in eight of the panels; however, the RB potentials with subsequent premature beats (RB 3 and RB4) are clearly recognizable. Although not labeled, the H 3RB3, H4RB4, and corresponding RB–V intervals measure the same as sinus beats. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



Our experience is consistent with Akhtar's ( 25) in that the initial beat of long–short-induced right bundle branch block aberration almost always is proximal. The shift in site of block at short cycle lengths from proximal to distal may merely represent the difference in shortening of refractoriness at different levels in the right bundle branch, which may be complicated by retrograde invasion of the right bundle following this development of RBBB. Chilson et al. ( 27) showed that the refractory period of the right bundle branch shortens to a greater degree than that of the left bundle branch system at increasing heart rates. This leads to the greater ability to demonstrate left bundle branch block at short drive cycle lengths and right bundle branch block at long drive cycle lengths. This is illustrated in Figure 5-25B where long H–H intervals precede RBBB and shorter H–H intervals are associated with LBBB. The shortening of right bundle branch refractoriness at shorter drive cycle lengths might also allow the impulse to penetrate distally to the proximal site of block noted at long drive cycle lengths. Transient left bundle branch block aberration is less common than right bundle branch block. In our laboratory, approximately 25% of phase 3 type aberration is of the left bundle branch block variety. This is approximately that seen in prior studies ( 27). Use of multiple electrode recordings along the His bundle are particularly useful in demonstrating that left bundle branch conduction delays are very proximal and, I believe, are in the His bundle itself. As demonstrated previously, in Figure 5-4, an H–H' often can be noted, and when block appears, it frequently occurs between His spikes ( Fig. 5-4). These data, along with prior data in chronic left bundle branch block demonstrating normalization of the QRS by His bundle pacing, further support the His bundle origin of the conduction defect. Longitudinal dissociation in His bundle may cause individual fascicular block, which has been suggested by the observation that catheter manipulation in the His bundle region can produce left anterior hemiblock. Furthermore, if one records multiple His potentials, or even a His and proximal right bundle potential, the appearance of left anterior hemiblock in a patient with left bundle branch is often associated with an intra-His conduction delay, or proximal His to proximal right bundle delay, as seen in Figure 5-27. In this figure, a leftward shift in axis is accompanied by H–V prolongation, which is caused by a 70-msec increment between proximal and distal His bundle recordings.



FIG. 5-27. Longitudinal dissociation in the His bundle causing left anterior hemiblock. (Same arrangement as Figure 5-4.) Left bundle branch block with a 10° axis is shown. A premature atrial complex, A1, results in marked left axis deviation and is associated with an increase between proximal (HIS p) and distal (His d) His deflections. No change of distal His–V occurs during the premature complex.



Regardless of axis deviation, the initiation of left bundle branch block aberration by an atrial premature beat is almost always accompanied by an increase in H–V interval. In the majority (approximately 75%) of cases, multiple recordings from the His bundle or between the His and right bundle branch show incremental delays within the His bundle or, when a right bundle branch potential is measured, proximal to that right bundle branch potential ( Fig. 5-28).



FIG. 5-28. Site of conduction delay in left bundle branch block. Two His bundle electrograms (HBE) and a right bundle electrogram (RBE) are shown. The H 1–V1 and RV1–V1 are 40 and 20 msec, respectively. An atrial premature complex, A 2, produces a marked increase in H 2RB2 interval (320 msec), which is associated with left bundle branch block aberration. Normal conduction beyond the RBE is evident by a persistent RB–V of 20 msec. This points to the His bundle as the location of the site of left bundle branch delay. T = Time line. (From: Akhtar M, Gilbert C, Al-Nouri M, Denker S. Site of conduction delay during functional block in the His-Purkinje system in man. Circ 1980;61:1239.)



In a smaller number of cases, the H–V interval is prolonged by 5 to 15 msec without a change in H–RB or H–RV, suggesting that the increase in H–V is due to a relative difference in ventricular activation over the left and right bundle branches and is not due to conduction delay in the His bundle or contralateral bundle ( Fig. 5-29). In the latter instances, the H–RB or H–RV would increase. These findings strongly suggest that the His bundle is probably longitudinally dissociated into fibers predestined to serve the right ventricle (right bundle branch) and left ventricle (anterior and posterior fascicle). Distinguishing between the intra-His site and the truncal site just proximal to the division of the right and left bundle is impossible; however, I believe that in the majority of cases block at a very proximal site is responsible for both transient and permanent bundle branch block. In fact, when bifascicular block involving both bundle branches is observed, I believe it is only when the site of conduction delay and/or block is proximal that the risk of developing spontaneous heart block is increased. This is an important concept when one uses intracardiac recordings to predict risk of A–V conduction disturbances (see following discussion).



FIG. 5-29. Effect of LBBB on the H–V interval. During sinus rhythm (first two complexes) the H–V interval is 45 msec and the H–RV interval is 75 msec. An atrial extrastimulus (arrow) results in LBBB aberration and an increase in H–V to 60 msec. However, the H–RV remains the same. Thus despite the increase in H–V interval, the conduction down the right bundle branch is unaltered. Therefore, in the presence of LBBB, the H–V interval may be prolonged to 60 msec in the absence of trifascicular delay. See text for discussion.



Bradycardia or phase 4 block almost always manifests a left bundle branch block pattern. I have not yet seen a case of isolated bradycardia-dependent right bundle branch block, although there is no particular reason why this should not occur. A possible explanation for this observation is that the left ventricular conducting system is more susceptible to ischemic damage and has a higher rate of spontaneous phase 4 depolarization than the right; therefore, it is more likely to be the site of bradycardia-dependent block. This may be one reason why some cases of bradycardia-dependent left bundle branch block demonstrate an H–V interval no different from the normal H–V interval. That is, the His-to-right bundle branch potential, or intra-His delay, is not the source of the conduction defect; but that delay in the distal conducting system is responsible of bradycardia-dependent left bundle branch block. Moreover, it has a higher rate of underlying automatically than the right bundle branch system. An example of bradycardia-dependent left bundle branch block is shown in Figure 5-30; a change from 1:1 conduction to 2:1 conduction with block in the A–V node resulted in a slower rate of engagement of the His-Purkinje system and the development of left bundle branch block. Acceleration-dependent block in contrast is observed in both the RBBB and LBBB.



FIG. 5-30. Bradycardia-dependent left bundle branch block. A. Atrial pacing at a cycle length of 800 msec with 1:1 A–V conduction and normal intraventricular conduction. B. Atrial pacing at a cycle length of 545 msec, 2:1 block in the A–V node, and an effective cycle length in the His-Purkinje system of 1090 msec. A widened QRS complex with a left bundle branch block configuration is evident.



Clinically, both tachycardia or acceleration-dependent and bradycardia-dependent bundle branch blocks are often seen in the same patient with an intermediate range of cycle lengths and normal conduction. The range of normal conduction may be quite broad, with rapid pacing and/or prolonged carotid sinus pressure required to produce the extremes of cycle length that precipitate the bundle branch block ( 28). In some cases, however, the range of cycle lengths resulting in normal conduction may be very narrow, and to some extent variable and affected by drugs and other factors. However, the isolated appearance of bradycardia-dependent block is almost always associated with left bundle branch block. The clinical implications of rate-dependent bundle branch block are not clear. Acceleration-dependent and bradycardia-dependent block usually occur in diseased tissue and, in the setting of infarction, usually an inferior infarction. The prognosis for such dependent blocks is purely related to the underlying cardiac disorder. On the other hand, phase 3 block is a physiologic normal response to encroachment on the refractory period of the bundle branch. Therefore, in and of itself, it should have no adverse prognostic implications.



CLINICAL RELEVANCE OF INTRAVENTRICULAR CONDUCTION DISTURBANCES The major interest in the study of IVCDs stems from early studies showing that bifascicular block, specifically right bundle branch block with left axis deviation, is the most common ECG pattern preceding complete heart block in adults (29). Other forms of IVCD precede the bulk of the remaining instances of complete infra or infra-His heart block. Although the incidence of progression of complete heart block varies from 2% to 6% a year, the method of patient selection markedly influences this (30,31,32,33 and 34). The incidence in asymptomatic patient population studies is closer to 2%, while that in patients with neurologic symptoms, such as syncope, is closer to 6% a year. Unfortunately, these studies have not always localized the site of A–V block. When they have described it, however, they have noted that many instances of A–V block were, in fact, in the A–V node (31). Many of these investigations also noted the high mortality associated with intraventricular conduction disturbances; however, this primarily reflects the underlying cardiac disease. Moreover, death was usually sudden and assumed to be due to ventricular tachyarrhythmias. The issue to be addressed in this chapter is the usefulness of intracardiac studies in identifying patients at risk for subsequent complete heart block among those with intraventricular conduction disturbances. Role of Electrophysiologic Studies in Predicting Risk of Heart Block If one accepts the functional trifascicular nature of the His-Purkinje system, the evaluation of the patient with bundle branch block or fascicular block necessarily involves testing the integrity of the remaining “intact” fascicle. In the presence of bundle branch block, with or without additional fascicular block, the H–V interval should be normal as long as conduction is unimpaired in the remaining fascicle. This would be true even if the delays were within the His bundle that was longitudinally dissociated and the recorded His bundle potential was proximal to the site of the conduction disturbance. Even if the concept of a simple trifascicular system is naive, the patterns of bundle branch block at the very least are apparent markers for patients in whom His-Purkinje conduction may be jeopardized and in whom the degree of conduction “reserve” should be assessed. The simplest method of assessing His-Purkinje reserve is the measurement of basal H–V intervals (normal 


FIG. 5-31. Markedly prolonged H–V interval in the presence of a normal overall P–R interval. The P–R interval is at the upper limits of normal (200 msec), and the QRS complex is prolonged with a pattern of interventricular conduction defect of the LBBB type. The H–V interval is 90 msec.



FIG. 5-32. Prolonged P–R interval with a normal H–V interval. The P–R interval is 290 msec, and the QRS complex is prolonged with a pattern of right bundle branch block and left anterior fascicular block. The H–V interval is normal at 45 msec, but the A–H interval is prolonged at 210 msec.



FIG. 5-33. Normal H–V interval in left bundle branch despite P–R prolongation and marked QRS complex widening. The P–R interval is 230 msec and QRS complex 210 msec yet the H–V interval is normal (50 msec). The P–R prolongation is due to A–V nodal delay (A–H interval = 150 msec).



Although a short P–R interval (i.e., £160 msec) makes a markedly prolonged H–V interval (i.e., ³100 msec) unlikely, in a given patient, enhanced A–V nodal conduction may be present, in which case, a P–R interval of 160 msec could still be compatible with an H–V of 80 msec. Thus, predictions about conduction time of the intact fascicle or fibers predestined to become that fascicle cannot be made on the base of the P–R interval. Moreover, a PR interval of >300 msec almost always means at least some abnormality, if not all, of A–V nodal conduction. The specificity and sensitivity of a long H–V interval in predicting heart block has been a topic of continued controversy. Problems that have led to this controversy have, I believe, primarily been related to the nature of the patients enrolled in the studies. Many of the differences can be resolved if one considers large asymptomatic population base studies and studies including patients with symptoms. Currently, three major studies in the United States, all prospective, have shown that prolonged H–V intervals exceeding 70 msec predict patients at higher risk of A–V block ( 32,33 and 34). In two of the studies comparing symptomatic and asymptomatic patients, the symptomatic patients had a higher relative risk of block ( 33, 34). The risk of block, however, even in the high-risk group noted in many of the earlier studies (H–V of 80 msec or longer), only approaches at best 6% a year ( 32,33 and 34). Thus, one cannot clinically use such data because of the low positive predictive value. It is, therefore, important to develop other criteria that will have a greater predictive accuracy. We have noted that 28 of 41 patients who had H–V intervals ³100 msec ( Fig. 5-34) have developed second- or third-degree infra-His block within a 24-month follow-up period. Only one-third of the patients had no symptoms before the study. Most of our patients (24/41) with H–V >100 msec have exhibited alternating bundle branch block (see below). A prospective study from Scheinman's laboratory ( 34) also found that an H–V interval exceeding 100 msec identified a subgroup of extremely high-risk patients. In his study, 25% of the patients having H–V intervals exceeding 100 msec developed heart block over a mean follow-up of 22 months. Unfortunately, H–V intervals in excess of 100 msec are uncommon (41/729 patients with bundle branch block). Thus, such marked H–V prolongation, although highly predictive, is insensitive. Other methods that are of reasonably high predictive accuracy and enhance the sensitivity are required to predict the patients who will develop A–V block. Equally valuable might be the ability to define a group of patients at extremely low risk. Such potentially useful methods are described in the following paragraphs.



FIG. 5-34. Marked H–V interval prolongation. Recording is from a 62-year-old man with a single episode of unwitnessed syncope. The QRS complex is indicative of right bundle branch block with left anterior fascicular block. The measured H–V interval is 100 msec. A demand ventricular pacemaker was placed, and 5 months after this recording was made, the patient was pacemaker dependent with a 2:1 infra-His block.



Methods to Identify Patients at Risk of Developing A–V Block In the presence of right bundle branch block, measurement of the H–V, the V–RV apex time, and if possible a His-to-proximal right bundle potential (if present) permits localization of the site of conduction delay (a) to the right bundle trunk (a normal H–V interval and a long V–RVA interval) or (b) to the more peripheral conducting system (normal H–V interval, a normal V–RVA interval, and delayed activation of the RVOT). Obviously, the ability to record multiple regions of the His bundle and/or His right bundle potential has been stressed before. I believe that the finding of a distal right bundle branch block confers a low risk in the development of subsequent A–V block. The differentiation between a His bundle lesion and a proximal right bundle branch lesion as a cause of the right bundle branch block is extremely difficult and probably is not important with respect to the clinical outcome. Normalization of the QRS during His bundle pacing is suggestive of a His bundle lesion. These measurements are particularly useful in patients with congenital heart disease, especially those with tetralogy of Fallot in the postoperative period in whom the finding of a right bundle branch block is common and may be due to proximal, distal, or terminal right bundle branch lesions, as described previously. In all cases, I believe that proximal right bundle branch block is the most likely substrate for the development of high-grade A–V block. The use of atrial pacing to stress the His-Purkinje system may provide further information beyond that of the basal H–V interval. Most normal patients will not exhibit second- or third-degree infra-His block at any time during incremental pacing, particularly at rates less than 150 beats per minute (bpm). Physiologically, this occurs because the shortening of His-Purkinje refractoriness had decreased paced cycle lengths or because A–V nodal block developed at shorter paced cycle lengths, which thus protects the His-Purkinje system, even H–V prolongation during atrial pacing at rates less than 150 beats per minute. Second- or third-degree block within the His-Purkinje system in the absence of a changing A–H interval at paced cycle lengths of 400 msec or greater is abnormal and suggests a high risk for A–V block (Fig. 5-35 and Fig. 5-36). One must be careful not to start pacing with a short coupling interval that can lead to the production of “pseudo A–V block” produced by intiating pacing producing a long-short cycle. Dhingra et al. ( 41) showed a 50% progression to high-grade A–V block in patients who developed block distal to the His bundle induced by atrial pacing at rates of 150 bpm or less. Our data substantially support their findings and would suggest that H–V prolongation without block during atrial pacing is significant.



FIG. 5-35. Unmasking of decreased infra-His conduction reserve by atrial pacing. Left panel (during sinus rhythm), a right bundle branch block configuration is seen with a normal H–V interval of 50 msec. Center panel, atrial pacing ( arrows) at a cycle length of 600 msec results in an increase in the H–V interval to 65 msec. Right panel, atrial pacing ( arrows) at a cycle length of 400 msec precipitates infra-His Type I second-degree block.



FIG. 5-36. Mobitz II block below the His during atrial pacing. (Left) A sinus complex is shown on the left in a patient with right bundle branch block and left anterior hemiblock. (Right) Atrial pacing at 400 msec results in Mobitz II block below the His. See text. HBE = His bundle electrogram; RA = right atrial electrogram; RV = right ventricular electrogram; T = time line.



Determination of the refractory period of the His-Purkinje system (ERP–HPS) may provide independent ancillary information on its integrity. Because the basal functional refractory period of the A–V node usually exceeds the ERP–HPS, the administration of atropine may be useful in obtaining the latter measurement. Atropine, which has no effect on His-Purkinje conduction time (H–V), shortens the refractory period of the A–V node and therefore permits impulses to reach the His-Purkinje system earlier, allowing assessment of His-Purkinje refractoriness, which is not possible in the basal state ( 42). Although a grossly prolonged ERP–HPS may confer risk, this has certainly not been proven. I believe that an abnormal response of His-Purkinje refractoriness to changes in basic drive cycle lengths is a better marker. Because the ERP–HPS should vary directly with the basic cycle length, an increasing ERP–HPS during a shorter drive cycle length is abnormal and indicates a markedly abnormal His-Purkinje system. In my opinion such a response is a better discriminator of abnormal His-Purkinje refractoriness than a prolonged refractory period during sinus rhythm. We have observed this phenomenon when a) the His-Purkinje system has been exposed to drugs with use-dependent sodium channel blocking effects (class IC), which can markedly prolong the H–V or b) during recent infarction-related bifascicular block. It is therefore an insensitive marker, although it is usually associated with other findings confirming high risk of block. The administration of pharmacologic agents known to impair His-Purkinje conduction (e.g., procainamide) may unmask extraordinary sensitivity to the usual therapeutic doses of the agent. Sensitivity to the drug may itself indicate poor His-Purkinje system reserve. Furthermore, because patients with bundle branch block often exhibit ventricular arrhythmias that warrant suppressive therapy (see following), the laboratory assessment of His-Purkinje system integrity following procainamide or similar agents may have practical implications. In normal persons as well as in most persons with moderately prolonged (55- to 80-msec) H–V intervals, procainamide typically produces a 10% to 20% increase in the H–V interval ( 43,44). An increase of greater magnitude, including (a) doubling of the H–V interval, (b) a resultant H–V interval exceeding 100 msec, or (c) the precipitation of second- or third-degree infra-His block, all represent evidence of propensity for spontaneous infra-His block. Tonkin et al. ( 45) have reported that, in 5 of 12 patients with clinical features suggestive of A–V block, procainamide at a dose of 10 mg/kg intravenously produced intermittent second-degree or third-degree A–V block. Those authors documented progression to high degrees of spontaneous A–V block during a follow-up period of 1 year. Our experience in symptomatic patients with probable A–V block is similar. Neither Tonkin's nor our experience is necessarily applicable to patients with bundle branch block without symptoms; however, because such findings have been observed only in symptomatic patients and/or in those who progressed to A–V block, in our laboratory, we consider this a useful test. An example of a patient with bundle branch block in whom procainamide prolonged the H–V interval to 100 msec and in whom block below the His during atrial pacing was observed following procainamide is shown in Figure 5-37 and Figure 5-38. This patient developed spontaneous heart block in a follow-up of less than 3 months.



FIG. 5-37. Effect of procainamide on H–V interval. In the contra state (top) the patient manifests right bundle branch block and right axis deviation with an H–V of 70 msec. After 1000 mg of procainamide (bottom), the H–V markedly prolongs to 100 msec.



FIG. 5-38. Effect of procainamide on H–V response to pacing. This is the same patient as Figure 5-37. (Top) Before procainamide, 1:1 conduction is present at a paced cycle length (PCL) of 340 msec. (Bottom) After procainamide pacing at 400 msec results in block below the His.



Assessment of retrograde (V–H or ventriculoatrial [V–A]) conduction by ventricular stimulation has not been particularly useful as an indicator of antegrade His-Purkinje system reserve (46). Different areas of the His-Purkinje system are tested during antegrade and ventricular stimulation. Many patients with right bundle branch block or left bundle branch block on their surface ECG have absent retrograde His-Purkinje system conduction during ventricular stimulation, and conversely, some patients with antegrade intermittent A–V block in the presence of bundle branch block have intact retrograde His-Purkinje system conduction. The sites of conduction delay and block probably differ antegradely and retrogradely. As noted, antegrade block in the right bundle branch is usually proximal, whereas during ventricular stimulation, block usually occurs at the gate, which is at the His-Purkinje–myocardial junction. Thus, evaluation of the His-Purkinje system by retrograde stimulation is not useful for evaluating risk of A–V block. Alternating Bundle Branch Block Besides active testing to assess His-Purkinje reserve, spontaneous alternating bundle branch block, particularly when associated with a change in P–R interval, represents the most ominous sign for progression to A–V block. Beat-to-beat alternation is the most ominous, whereas a change in bundle branch block noted on different days is somewhat less ominous. In either case, this finding portends the development of A–V block. This phenomenon implies instability of the His-Purkinje system and a disease process involving either both bundle branches, the His bundle, or main trunk. In most patients with diffuse His-Purkinje system disease, delay or block in one of the bundle branches consistently predominates and alternating bundle branch block is uncommon. The H–V interval in alternating bundle branch block is almost universally prolonged and typically varies with a change in bundle branch block. This group of patients has the highest incidence of H–V intervals exceeding 100 msec (Fig. 5-39). The infrequency with which this situation is seen makes it an insensitive predictor of patients at risk for developing heart block but it has a high predictive value. Seventeen of 24 patients manifesting alternating bundle branch block and changing, prolonged H–V intervals developed high-grade A–V block within weeks of documentation of this finding. Thus, despite its relative insensitivity, this finding is associated with the most predictable progression to complete heart block and mandates a pacemaker.



FIG. 5-39. Development of intermittent A–V block during spontaneous alternating bundle branch block. The first complex exhibits the ECG pattern of “complete” left bundle branch block (LBBB), and the second complex exhibits “complete” right bundle branch block (RBBB) with left anterior fascicular block. The third atrial depolarization (A) is followed by a His bundle deflection (H) but not ventricular depolarization. The fourth atrial complex conducts again with an LBBB pattern. HBE = His bundle electrogram; HRA = high-right atrial electrogram; RV = right ventricular electrogram; T = time line.



Syncope and Sudden Death in Patients with Bundle Branch Block Patients with bundle branch block have an unusually high incidence of cardiac disease and of sudden death ( 31,32,33 and 34,40,47,48). Most deaths have been sudden or due to heart failure. In these studies as well as those of our own, sudden death occurs with high frequency and does not seem to be related to the H–V interval. The highest incidence is among those patients with cardiac disease and with left bundle branch block. Most sudden deaths are due to ventricular tachycardia and/or ventricular fibrillation. Moreover, permanent pacemaker implantation has relieved symptoms potentially due to heart block but never has been shown to prevent sudden death or alter mortality ( 34,49). It is important to recognize that syncope, although perhaps resulting from intermittent heart block in these patients, may also be due to ventricular arrhythmias. Complete electrophysiologic studies, including programmed stimulation, are necessary in such patients because ventricular tachycardia will be found in one-third to one-half of patients ( 50). Morady et al. found a 50% incidence of ventricular tachycardia in patients with bundle branch block and syncope (51). Thus, tachyarrhythmias clearly are just as important a cause as bradyarrhythmias of both neurologic symptoms and sudden death. This suggests that complete studies need be done to exclude a tachyarrhythmia cause of syncope because the therapies differ.



THERAPEUTIC IMPLICATIONS The electrophysiologic study should be used to obtain information that could predict which patients are at risk for syncope, heart block, or sudden death. Questions that the electrophysiologic study should answer follow: (a) What prognostic indicators can be obtained for the development of A–V block or tachyarrhythmias? (b)



Given a set of prognostic indicators, can the natural history be altered by the use of a pacemaker in the case of bradyarrhythmias and by drugs in the case of tachyarrhythmias? Although prolonged H–V intervals and poor prognosis associated with bundle branch block are related to myocardial dysfunction, heart failure, and ventricular fibrillation rather than to heart block, symptoms such as syncope are often related to heart block. When electro-physiologic studies demonstrate the likelihood of such, a pacemaker may be useful. Pacemaker therapy clearly can help prevent syncope in patients among whom that event most likely was due to transient bradyarrhythmias, but it has not been shown to prevent sudden death or cardiac mortality ( 31,32,33 and 34,48). The induction of ventricular tachycardia by programmed stimulation mandates therapy be directed toward the tachycardia (see Chap. 11, Chap. 13, Chap. 14 and Chap. 15). The use of antiarrhythmic agents to prevent tachyarrhythmias may in fact necessitate the implantation of a pacemaker if the antiarrhythmic agent produces a situation likely to be associated with the development of A–V block. The current policies in our laboratory are shown in Table 5-3 and Table 5-4.



TABLE 5-3. Intraventricular Conduction Disturbances: Assessment of HPS Reserve



TABLE 5-4. Intraventricular Conduction Disturbances: Recommendations for Clinical Cardiac Pacing



The methods of assessing His-Purkinje reserve are shown in Table 5-3. We generally use identification of abnormal responses to select patients at high risk for development of A–V block. These include H–V intervals ³100 msec, block below the His or H–V prolongation at pacing cycle lengths ³400 msec, refractory periods of the His-Purkinje system that are inversely related to paced cycle length, or block below the His or doubling of H–V intervals following procainamide in patients with neurologic symptoms compatible with bradyarrhythmias. Recommendations for pacemakers in such patients is given in Table 5-4. In all such cases, it is important to recognize that tachyarrhythmias may be a cause of these symptoms and should be evaluated and treated when demonstrated. If antiarrhythmic agents are necessary to manage tachyarrhythmias, the effects of the antiarrhythmic agent on infra-His conduction must be assessed. The ideal therapy for patients at risk for both A–V block and ventricular tachycardias is an ICD with dual chamber pacing capability. A pacemaker also may be implanted in the patient with recurrent neurologic symptoms and prolonged H–V intervals but without any of the abnormalities associated with markedly increased risk of developing A–V block when all other causes for symptoms have been excluded. It seems prudent in the presence of such symptoms and a long H–V interval to implant a pacemaker. Scheinman's study ( 34) demonstrated that prophylactic pacing does relieve neurologic symptoms in such patients. In patients without electrophysiologic risk factors implantible loop recorders (Reveal, Medtronic, Inc.) may provide diagnostic information that standard monitoring techniques are unlikely to yield. In conclusion, patients with IVCDs appear to have a higher incidence of cardiac disease, overall cardiac mortality, sudden death, and development of A–V block. Electrophysiologic studies localizing the site of a block and abnormalities of the His-Purkinje system can be useful in determining who is likely to receive benefit from pacemaker therapy. Complete electrophysiologic studies are also necessary to establish whether syncope or other transient neurologic symptoms associated with bundle branch block are due to intermittent heart block or tachyarrhythmias, because the therapies for these disturbances are dissimilar. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28.
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Miscellaneous Phenomena Related to Atrioventricular Conduction



Concealed Conduction Gap Phenomenon Supernormality Chapter References



Concealed conduction, the gap phenomenon, and supernormality are physiologic events that may be considered to be variants of the normal response. These phenomena are responsible for many unusual or unexpected responses of atrioventricular (A–V) conduction. This chapter addresses these separate but interrelated phenomena of cardiac conduction.



CONCEALED CONDUCTION The definition of concealed conduction has been irrevocably altered by the availability of intracardiac electrophysiologic studies. The concept of concealed conduction, an explanation for the effects of incomplete penetration of an impulse into a portion of the A–V conduction system, was introduced (and then expanded on) by Langendorf (1,2) and by Katz and Pick (3). The term was applied to unexpected phenomena observed on the surface ECG that were compatible with the effects of incompletely penetrating impulses that were not directly reflected on the surface ECG; hence the term concealed. Because intracardiac recordings can directly document the presence of these impulses during the electrophysiologic study, they are no longer truly concealed. Thus, specific consequences of incomplete penetration of impulses may be a less ambiguous term than concealed conduction of impulses to describe a variety of ECG findings ( 4). Although the A–V node is the structure with which concealed conduction has been most often associated, this phenomenon can occur in any portion of the A–V conduction system. The manifestations of concealed conduction (i.e., the effects of incomplete penetration of an impulse) include (a) unexpected prolongation of conduction, (b) unexpected failure of propagation of an impulse, (c) unexpected facilitation of conduction by “peeling back” refractoriness, directly altering refractoriness, and/or summation ( 4,5 and 6), and (d) unexpected pauses in the discharge of a spontaneous pacemaker. Excellent reviews of the ECG manifestations of concealed conduction are available (7,8,9,10 and 11). Concealed conduction may result from antegrade or retrograde penetration of an impulse into a given structure. The impulse producing concealment may originate anywhere in the heart; in the sinus node, an ectopic atrial site, the A–V junction, the fascicles, or the ventricles ( 7). The most common site manifesting the effects of concealed conduction is the A–V node. The effects of retrograde concealment in the A–V node under different circumstances are shown in Figure 6-1, Figure 6-2, Figure 6-3 and Figure 6-4. Impulses from any subnodal site can produce concealed conduction. The ability of ventricular premature complexes (VPCs) to produce concealment in the A–V node depends on intact retrograde His-Purkinje conduction. In Figure 6-4, similarly coupled VPCs, manifesting different patterns of retrograde His-Purkinje conduction, have totally different effects on A–V nodal conduction of the sinus complex that follows. The effect of His bundle, fascicular, or ventricular extrasystoles on subsequent A–V nodal conduction is inversely related to the coupling interval of the premature depolarization. In patients with dual A–V nodal pathways (see Chap. 8), VPCs, fascicular premature complexes, and His bundle complexes can shift conduction from fast to slow pathway. This can lead conduction down the slow pathway maintained. Retrograde concealment at multiple levels of the A–V conduction system may also occur ( Fig. 6-5). The levels of concealment depend on the relative timing of antegrade and retrograde impulses.



FIG. 6-1. Retrograde concealed conduction by a fascicular extrasystole. From top to bottom, tracings represent standard leads 1 and V 1 and high-right atrium (HRA), coronary sinus (CS), and His bundle electrogram (HEE) and time lines (T) at 10 msec and 100 msec. The first beat is a conducted sinus beat, with an A–H = 100 msec, H–V = 80 msec, and a right bundle branch block configuration. The second beat is a fascicular extrasystole, with an “Hr–V” = 20 msec. Note that there is no manifest conduction above the atrioventricular (A–V) junction (i.e., no atrial electrogram). Note, however, in the next sinus beat that the A–H interval is prolonged to 135 msec, indicating that the retrograde wavefront from the preceding beat partially penetrated (concealed) in the A–V node, rendering it relatively refractory to the next sinus impulse. A = atrial deflection; H = His bundle deflection; Hr = retrograde His deflection; V = ventricular deflection.



FIG. 6-2. Retrograde concealed conduction by a junctional (His bundle) escape rhythm during intra-His complete heart block. A–V dissociation is present, and there is no retrograde activation of the atria by the His bundle escape rhythm. There are three sinus depolarizations, as evidenced by early high-right atrial (HRA) activation. The first sinus impulse is blocked above the proximal His bundle (i.e., in the atrioventricular [A–V] node), the second conducts to the proximal His bundle with a short A–H interval, and it is then blocked; and the third conducts to the proximal His bundle with a longer A–H interval. The A–V nodal block in the first beat and the A–V nodal delay in the third beat are due to concealed retrograde conduction of the His bundle beats into the A–V node. Thus, despite antegrade intra-His block, the distal His bundle escape rhythm can conduct retrogradely and affect antegrade conduction (i.e., unidirectional antegrade block is present).



FIG. 6-3. Retrograde concealed conduction during ventricular tachycardia. The tracing is arranged from top to bottom: surface ECG leads 1, aVF, and V 1, His bundle electrogram (HBE), right ventricular apex (RVA), left ventricular apex (LVA), and time lines (T) at 10 msec and 100 msec. The left panel represents sinus rhythm. The right panel represents ventricular tachycardia without manifest retrograde conduction. Retrograde His bundle or atrial deflections are not seen. There are three sinus complexes, as reflected by atrial deflections (A) in the HBE tracing. Only the second results in a propagated response with a His bundle deflection (H) and a slight alteration in the QRS complex characteristic of a fusion beat (fb). Block of the first and third sinus impulses in the atrioventricular (A–V) node results from retrograde concealed conduction of the ventricular beats into the A–V node, rendering it refractory.



FIG. 6-4. Concealed conduction by ventricular premature contractions (VPCs). A and B, Leads 1, aVF, and V1 and electrograms from the His bundle (HBE), high-right atrium (HRA) and low-right atrium (LRA). Sinus rhythm is present in the first two complexes of each panel. A. A VPC is observed at a coupling interval of 330 msec with retrograde conduction through the His bundle to the atrioventricular (A–V) node. This results in concealed conduction so that the subsequent sinus complex is a block in the A–V node. B. A similarly coupled VPD fails to reach the His bundle so that no concealment in the A–V node is manifested and the sinus complex conducts with a normal HV and normal A–H. Thus, the ability to produce concealed conduction in the A–V node by VPC depends on the ability to penetrate the A–V node via the His-Purkinje system. T = time line.



FIG. 6-5. Multiple levels of concealed conduction during ventricular pacing. The rhythm is sinus, with ventricular pacing at a cycle length of 1200 msec (S, arrow). Following the first stimulated ventricular complex, the spontaneously occurring sinus impulse is conducted with a long H–V interval and left bundle branch block (LBBB) aberration. This indicates asynchronous concealment into both left and right bundle branches (long H–V and LBBB morphology). Following the second stimulated complex, the sinus impulse blocks in the A–V node, indicating concealed conduction to that structure. Following the third stimulated complex, the sinus impulse blocks below the His bundle, indicating concealment into the His-Purkinje system, rendering it totally refractory to the antegrade impulse.



The most frequent clinical circumstances in which concealed conduction is operative are (a) atrial fibrillation during which the irregular ventricular response is due to the varying depth of penetration of the numerous wavefronts bombarding the A–V node ( 8); (b) prolongation of the P–R(A–H) interval or A–V nodal block caused by a nonconducted premature depolarization of any origin; (c) reset of a junctional (His bundle) pacemaker by atrial or subjunctional premature depolarizations; and (d) perpetuation of aberrant conduction during tachyarrhythmias. In the latter circumstance, retrograde penetration of the blocked bundle branch subsequent to transeptal conduction perpetuates aberration ( 12,13). This is the most common mechanism of perpetuation of aberration during supraventricular tachycardia observed in our laboratory (approximately 70% of cases). Wellens et al. ( 14) have found a similar incidence of retrograde concealment producing perpetuation of aberration. Concealed His bundle depolarizations can produce many unusual patterns of conduction, including simulation of type II second-degree A–V block (see Chap. 4 and Chap. 7). His bundle depolarizations are frequently not recognized because they must conduct antegrade and/or retrograde to have any representation on the surface ECG. Incomplete penetration (concealment) of His bundle depolarizations in either direction, producing unexpected abnormalities of antegrade or retrograde conduction, may present a particularly difficult diagnostic problem ( 9,10). The intracardiac study may be extremely useful in assessing the causes and sites of concealed conduction by making all the components of the A–V conduction system available for analysis. Although interference with normal antegrade conduction or with a subsidiary pacemaker by a concealed premature depolarization may be easy to conceptualize, unexplained facilitation of conduction requires further explanation. Most examples of facilitation of conduction (usually in the His-Purkinje system) can be explained by the premature impulse's (a) allowing more time for the structure to recover excitability, which is due to peeling back the refractory period of that tissue, and/or (b) shortening the refractory period of tissues with cycle length-dependent refractoriness (i.e., the atria, His-Purkinje system, and ventricles) by decreasing the cycle length preceding the subsequent spontaneous impulse ( Fig. 6-6). Abrupt normalization of aberration by a VPC (the finding of which proves retrograde concealment as the mechanism for perpetuation of aberration) is based on these principles ( Fig. 6-7 and Fig. 6-8). Atrioventricular nodal conduction time and refractoriness may be shorted by VPCs delivered simultaneously with the prior atrial depolarization ( Fig. 6-9). In an elegant study, Shenasa et al. demonstrated that VPCs shorten A–V nodal refractoriness and improve A–V nodal conduction at comparable coupling intervals at both long and short drive cycle lengths ( 15). One mechanism for this is summation, because VPCs without simultaneous atrial activation prolong refractoriness and slow conduction in the node. Another explanation would be for the VPC to produce earlier activation at the site of A–V nodal conduction delay or block. This allows more time for it to record when the APC is delivered. These and other mechanisms of facilitation explain some instances of pseudo-supernormal conduction.



FIG. 6-6. Facilitation of His-Purkinje conduction by a ventricular premature depolarization (VPD). During atrial pacing at a cycle length of 440 msec, 2:1 block below the His bundle occurs. A VPD (arrow) is introduced just before the fifth atrial paced complex. Following the VPD, the P wave that should block in the 2:1 sequence conducts with the same A–H and H–V intervals as other conducted complexes. Facilitation of His-Purkinje conduction results because the VPD “peeled back” His-Purkinje refractoriness, allowing the atrial impulse to propagate through the previous site of block. See text for discussion. (From: Gallagher JJ, Damato AN, Varghese PJ, et al. Alternative mechanisms of apparent supernormal atrioventricular conduction. Am J Cardiol 1973;31:362.)



FIG. 6-7. Mechanism of normalization of aberration during supraventricular tachycardia (SVT) by a ventricular premature depolarization (VPD). Parallelograms represent the refractory period (RP) of the right bundle branch (RBB). During sinus rhythm (SR), an atrial premature depolarization (APD) initiates SVT with REB block because the APD occurred during the RP of the RBB. The RBB aberration persists, owing to continued retrograde concealment during the tachycardia. A VPD normalizes antegrade conduction by prematurely depolarizing the RBB, thereby “peeling back” its refractory period and allowing time for it to recover when engaged by the next impulse. In addition, the RP itself is shortened (decreased duration of parallelogram).



FIG. 6-8. Abrupt termination of aberration by ventricular premature contraction (VPC). A and B. From top to bottom, leads 1, 2, 3, V 1, and V5, along with electrograms from the high-right atrium (HRA), atrioventricular junction (AVJ), and right ventricle (RV). A. Atrial pacing at a cycle length of 310 msec produces right bundle branch block aberration. A VPC is introduced at a coupling interval of 190 msec, which immediately normalizes the QRS. B. Pacing at a longer cycle length of 350 msec produces left bundle branch block aberration. A premature VPC is introduced at 265 msec, which abruptly normalizes the QRS as pacing is continued. In both instances, the VPC interrupted retrograde penetration of the blocked bundle branch as the cause of perpetuation of aberration. See text for discussion. T = time line.



FIG. 6-9. Effect of ventricular premature depolarization on atrioventricular (A–V) nodal conduction. A to D. From top to bottom are surface ECG lead, high-right atrial (HRA), His bundle (HB) electrograms, and time line (T). A and B. At the longer basic cycle length (S 1S1) of 700 msec and an S1S2 of 400 msec, (A) the S2H2 is 210 msec with standard stimulation (method I). B. While with a preceding VPD simultaneous with the last paced beat (method II), the S2 1H 2 is 195 msec. C and D. At the shorter basic cycle length of 500 msec and an S 1S2 of 400 msec, (C) the S2H2 interval is 245 msec with method I and, (D) 200 msec with method II. The magnitude of shortening in S 2H2 with method II is greater at shorter cycle lengths, C and D, than at longer cycle lengths, A and B. All measurements are in milliseconds; pertinent deflections and intervals are labeled. VS = ventricular beat introduced simultaneously with the last A 1. (From: Shenasa M, Denker S, Mahmud R, et al. Atrioventricular nodal conduction and refractoriness after intranodal collision from antegrade and retrograde impulses. Circ 1983;67:651.)



GAP PHENOMENON The term gap in A–V conduction was originally used by Moe and his associates ( 16) to define a zone in the cardiac cycle during which premature atrial impulses failed to evoke ventricular responses, while atrial complexes of greater and lesser prematurity conducted to the ventricles. The gap phenomenon was attributed to functional differences of conduction and/or refractoriness in two or more regions of the conducting system. The physiologic basis of gap phenomenon in most instances depended on a distal area with a long refractory period and a proximal site with a shorter refractory period. During the gap phenomenon, initial block occurs distally. With earlier impulses, proximal delay is encountered, which allows the distal site of early block to recover excitability and resume conduction. Gaps in A–V conduction most commonly occur during programmed stimulation, although they may occur spontaneously. ( 17). The major significance of the gap



phenomenon is its contribution to the understanding of conduction and refractoriness of the A–V conducting system. In particular, the resumption of conduction at shorter coupling intervals has frequently been interpreted as a form of “supernormal” conduction. In fact, the majority of cases of so-called supernormal conduction can be explained physiologically by the gap phenomenon. The common finding of all gaps already described has been that predicted by Moe; that block initially occurs distal to the stimulation site and that conduction resumes when earlier impulses result in proximal delay allowing the initial site of block to recover ( 16). Gaps may occur during either antegrade or retrograde stimulation. Any pair of structures in the A–V conduction system that have the appropriate physiologic relationship to one another can participate in gap phenomena. Six different types of antegrade gap and two types of retrograde gap have been described ( Table 6-1) (18,19 and 20). In antegrade gap Types I, II, and III, the His-Purkinje system is the site of initial distal block with the A–V node (Type I, Fig. 6-10), proximal His-Purkinje system (Type II, Fig. 6-11), and His bundle (Type III, Fig. 6-12), respectively, as the site of proximal delay. These are, in descending order of frequency, by far the most common forms of antegrade gap. These three types, and all others in which the His-Purkinje system is the site of initial block, are most commonly observed during long drive cycle lengths, at which times His-Purkinje refractoriness is greatest. Multiple gaps may be recorded in the same patient. This is due to multiple levels of block and delay in the A–V conducting system. One such example is shown in Figure 6-13, in which distal block in the His-Purkinje system initially recovers because of delay in the proximal His-Purkinje system. Earlier coupling intervals again block, but dual A–V nodal pathways observed at even shorter coupling intervals (see Chap. 8) produce enough A–V nodal delay to allow the His-Purkinje system time to recover again. Retrograde gaps can manifest initial delay in the A–V node or in the His-Purkinje system, with proximal delay in the distal His-Purkinje system ( Fig. 6-14).



TABLE 6-1. Classification of Gap Phenomena in the Human Heart



FIG. 6-10. Type I gap in atrioventricular (A–V) conduction. The basic atrial drive rate (A 1A1) in each panel is 700 msec, with the introduction of progressively premature atrial depolarization (A 2). A. There is intact A–V conduction with a prolonged (120 msec) A 2–H2 interval and an H 1–H2 interval of 470 msec. B. Shortening A 1–A2 to 380 msec results in an A2–H2 interval of 135 msec and an H1–H2 interval of 425 msec; the H1–H2 interval exceeds the effective refractory period (ERP) of the His-Purkinje system (HPS), and the atrial depolarization is blocked below the His bundle. C. Shortening A1–A2 to 380 msec results in a marked prolongation of the A 2-H2 interval to 245 msec, and subsequent prolongation of the H 1–H2 interval to 515 msec, which exceeds the ERP of the HPS, and A–V conduction resumes.



FIG. 6-11. Type II gap in atrioventricular (A–V) conduction. The basic atrial drive rate (A 1A1) is 900 msec. Progressively premature atrial extrastimuli (A 2) are introduced. A. A–V conduction is intact. B. A2 is blocked below the His bundle as the H 1–H2 interval of 490 msec exceeds the effective refractory period (ERP) of some portion of the HPS. C. Conduction resumes despite a still shorter A 1–A2 (400 msec) and a shorter H 1–H2 (430 msec). This resumption is postulated to be due to a delay in the proximal HPS, resulting in an H 2V2 interval of 135 msec, sufficient to allow the most refractory region (the “gate area”) of the distal HPS to recover.



FIG. 6-12. Type III gap in atrioventricular (A–V) conduction induced by quinidine. The basic atrial drive rate (A 1A1) in both panels is constant at 850 msec. A premature atrial stimulus (A2) introduced at a coupling interval (A 1–A2) of 380 msec during the control period (top panel) results in an H 1–H2 interval of 410 msec and block of the impulse in the HPS. One hour after the administration of quinidine gluconate, 800 mg intramuscularly ( bottom panel), an identical H 1–H2 interval (410 msec) A2 results in an intra-His delay (H 2–H') sufficient to allow the distal HPS to recover and conduct the beat to the ventricles. Note RBBB aberration in this conducted beat.



FIG. 6-13. Multiple levels of conduction delay associated with gaps in the atrioventricular (A–V) conducting system. A to D. From top to bottom, leads 1, aVF, and V1, and electrograms from the high-right atrium (HRA) and His bundle (HBE). In each panel, the atrium is paced at a constant paced cycle length (PCL) of 600 msec, and progressively premature atrial extrastimuli (A 2) are delivered. A. A1A2 are 560 msec; A 2 blocks below the His bundle. The effective refractory period (ERP) of the His-Purkinje system is defined as an H 1H2 of 625 msec . B. At a shorter coupled A 2 delay in both the A–V node and proximal His-Purkinje system allow recovery of the initial site of block. C. At a shorter coupling interval, not enough delay is produced in the A–V node or proximal His-Purkinje system to allow conduction to occur. D. At a 10-msec shorter coupling interval, however, dual A–V nodal pathway producing a marked jump in the A 2H 2 interval to 450 msec allows the initial site of block to recover. Thus, multiple levels of conduction delay and block are present, all of which contribute gap phenomena. See text for discussion. TL = time line.



FIG. 6-14. Type II retrograde gap in ventriculoatrial (V–A) conduction. The ventricular drive rate is constant at 500 msec. Note the low-to-high sequence of atrial activation. A. V2 encounters retrograde conduction delay below the His bundle. The S 2–H2 interval is 130 msec, and retrograde activation of the atria occurs. B. V2 blocks within the HPS and neither HZ nor AZ is seen. C. With further prematurity of V 2, conduction resumes with a S2–H2 of 170 msec as V2 encounters delay before the site of initial block, allowing sufficient time for recovery. D. The effective refractory period of the site of delay is reached, and V–A conduction is again interrupted.



Because the gap phenomenon depends on the relationship between the electrophysiologic properties of two sites, any interventions that alter these relationships (e.g., a change in cycle length or drug intervention) may eliminate or perpetuate the gap phenomenon and may also convert one type of gap to another ( 21). For example, atropine may convert a Type I gap, in which proximal delay in the A–V node allows distal recovery of the His-Purkinje system, to a Type II gap because the requisite degree of A–V nodal delay can no longer be achieved ( 21).



SUPERNORMALITY Supernormal conduction implies conduction that is better than anticipated or conduction that occurs when block is expected ( 22,23 and 24). Hence, in much the same fashion as concealed conduction, what is considered supernormal depends on what is anticipated. When an alteration in conduction can be explained in terms of known physiologic events, true supernormality need not be invoked ( 25,26). Although supernormal conduction and excitability have been demonstrated in vitro (23), the existence of true supernormal conduction in the intact human heart has not been adequately demonstrated. Physiologic mechanisms can be invoked to explain virtually all episodes of apparent supernormal conduction observed in humans. Physiologic mechanisms explaining apparent supernormal conduction include (a) the gap phenomenon, (b) peeling back refractoriness, (c) the shortening of refractoriness by changing the preceding cycle length, (d) the Wenckebach phenomenon in the bundle branches, (e) bradycardia-dependent blocks, (f) summation, and (g) dual A–V nodal pathways. Gap phenomena and changes in refractoriness, either directly by altering cycle length or by peeling back the refractory period by premature stimulation, are common mechanisms of apparent supernormal conduction. They have already been discussed. Each of these phenomena is not uncommonly seen at long basal cycle lengths, during which His-Purkinje refractoriness is prolonged and infra-His conduction disturbances are common. It should be emphasized that most of the cases of so-called supernormal conduction described in humans have been associated with baseline disturbances of A–V conduction. Therefore, the term supernormal has referred to improved conduction but not to conduction that is better than normal ( 20). The gap phenomenon and all its variants are probably the most common mechanisms of pseudo-supernormality ( Fig. 6-10, Fig. 6-11, Fig. 6-12, Fig. 6-13, and Fig. 6-14). An example of how marked delay in proximal His-Purkinje conduction allows an initial area of distal His-Purkinje block to recover excitability and to resume conduction is shown in Figure 6-15. Normalization of aberrant conduction with progressively premature APDs is associated with progressive intra-His delay ( Fig. 6-16) or proximal His-Purkinje delay ( Fig. 6-17), allowing recovery of the right bundle branch and left anterior division of the left bundle branch. As noted in Chapter 2, His-Purkinje refractoriness is cycle length dependent, and therefore aberration may not be manifested at identical coupling intervals if the preceding cycle length is shortened (see Fig. 2-17).



FIG. 6-15. “Pseudo-supernormal” conduction that is due to Type II atrioventricular (A–V) gap. In the top panel, an atrial extrastimulus (A 2) that was introduced during sinus rhythm at a coupling interval (A 1–A2) of 365 msec blocks below the His bundle deflection. In the bottom panel, an atrial extrastimulus (A 2) that was introduced at a coupling interval of 320 msec is conducted despite a slightly longer preceding sinus cycle length that, if anything, would be expected to favor nonconduction. Note the strikingly long H 2–V2 (235 msec), which has permitted the distal HPS to recover. The resultant beat is conducted with left bundle branch block, and it is followed by an atrial echo (Ae).



FIG. 6-16. “Pseudo-supernormal” conduction; intra-His delay resulting in normalization of aberrant interventricular conduction. A. to C. Progressively premature atrial extrastimuli (A2) are delivered after the eighth paced atrial complex (A 1). Discrete His bundle and right bundle branch (RB) potentials are seen with an H–V of 60 msec during this premature complex. A. An A1–A2 of 615 results in an H 1–H2 of 640 msec without altering infranodal conduction. B. An A1–A2 of 500 results in an H 1–H2 of 540 msec. This is associated with a marked H–RB delay (35 msec) and the development of RBBB. C. At a shorter A1–A2 (455 msec) and H1–H2 interval (500 msec), normalization of the QRS complex occurs because of a more marked proximal intra-His delay (H–RB = 75 msec), which allows recovery of the RB.



FIG. 6-17. “Pseudo-supernormal” conduction; HPS delay resulting in normalization of aberrant interventricular conduction. The basic rhythm in all panels is sinus, with a constant cycle length of 1190 msec. A premature atrial stimulus (A 2) is introduced at progressively shorter coupling intervals. A. The premature beat is conducted with a RBBB and left anterior hemiblock (axis –60°) pattern. B. The conducted QRS complex is less aberrant. C. It is virtually identical to the sinus beats—despite decreasing H1–H2 intervals. However, the H 2–V 2 progressively increases, and normalization of the QRS complex can be attributed to proximal delay in the HPS, allowing progressive recovery of the distal area of delay and aberration. (From: Gallagher JJ, Damato AN, Varghese PJ, et al. Alternative mechanisms of apparent supernormal atrioventricular conduction. Am J Cardiol 1973;31:362.)



Type I (Wenckebach) second-degree block in the bundle branch system may result in either a progressive or a sudden normalization of aberration, with progressive delay being concealed in the surface ECG and with only the recovered cycle manifesting normal conduction ( Fig. 6-18). Theoretically, any mechanism that removes retrograde invasion will normalize A–V conduction (see Fig. 6-7). Another cause of normalization of aberration is the appearance of a ventricular premature depolarization (VPD) from the “blocked” ventricle. This pattern, however, is rarely repetitive and/or reproducible. Although equal and sudden simultaneous delay in the opposite bundle branch could theoretically normalize the QRS, it would be associated with a prolonged H–V (and P–R) interval. Furthermore, a repetitive pattern could not exist because the QRS would remain normal.



FIG. 6-18. “Pseudo-supernormal” conduction that is due to Type I (Wenckebach) second-degree block in the right bundle branch (RBB). A. Superventricular tachycardia with RBB block (RBBB) is shown at a cycle length of 385 msec. The fourth and eighth complexes (asterisks) manifest normal conduction. B. Repetitive normalization in this fashion can be explained as 4:3 Wenckebach-type block in the RBBB, which is schematically presented. The normal constant H–V interval (45 msec) suggests normal conduction through the left bundle (LB) branches. Conduction through the RBB is progressively impaired because of some area of prolonged refractoriness. The first two impulses variably penetrate this area, while the third complex fails to engage the area. This effectively doubles the cycle length of the impulses that reach the critical area of delay, allowing time for recovery and subsequent normal conduction. (From: Gallagher JJ, Damato AN, Varghese PJ, et al. Alternative mechanisms of apparent supernormal atrioventricular conduction. Am J Cardiol 1973;31:362.)



Another form of psuedo-supernormal conduction is facilitation of A–V nodal conduction by a VPD ( Fig. 6-19). Because A–V nodal refractoriness is inversely proportional to cycle length, facilitation of A–V nodal conduction by a VPD cannot implicitly be explained by alterations in refractoriness either directly or by peeling back. Such facilitation, which has been shown to require simultaneous atrial activation ( 15), more likely results from summation, as suggested by Zipes et al. ( 6).



FIG. 6-19. Facilitation of atrioventricular (A–V) modal conduction by a ventricular premature depolarization (VPD). The basic rhythm is sinus with stable 2:1 block in the A–V node. The A–H interval on conducted beats ranges from 270 msec to 295 msec. A ventricular extrastimulus is introduced (S), and the sinus impulse that would have expected to block in the A–V node conducts through the node with an A–H interval of 255 msec. This probably results from summation of the blocked impulse



and the retrogradely concealed VPD. See text for details.



Another cause of pseudo-supernormal conduction is bradycardia-dependent bundle branch block with normalization of the QRS complexes at shorter cycle lengths or with APCs (Fig. 6-20). The physiologic explanation for phase 4 block is enhanced automaticity and/or partial depolarization of injured myocardial tissue. Propagation of supraventricular impulses is more difficult late in diastole because the impulses encounter partially depolarized tissue through which voltage-dependent conduction is not possible (Chap. 5).



FIG. 6-20. Bradycardia-dependent bundle branch block. The high-right atrium (HRA) is paced at a cycle length (CL) of 700 msec. Type I second-degree block in the A-node is present, as evidenced by the lack of a His bundle deflection following the fourth atrial complex and a shortening of the A–H interval or of the next conducted impulse compared with the preceding complexes. The conducted atrial complex following the pause manifests a left bundle branch block configuration, as does the first complex (which also followed a pause). Because block is occurring in the A–V node, phase 4 depolarization can begin in the left bundle branch in such a way that the next conducted beat is propagated slowly (or not at all) through this structure (see text).



Dual A–V nodal pathways can be manifested by intermittent long or short P–R intervals, depending on which pathway is used for antegrade conduction. Perpetuation of one pattern of antegrade conduction by retrograde concealment over the other pathway has been demonstrated by Wu et al. ( 27). Apparent supernormal conduction of an APD that is due to a shift from slow to fast conduction has been demonstrated by Denes et al. ( 28). We have seen spontaneous examples of junctional premature complexes and VPC shift fast to slow pathways and vice versa. The methods of evaluating dual A–V nodal pathways are described in Chapter 8. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28.
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Ectopic depolarizations can arise from many areas of the heart, but the surface ECG is markedly limited in its ability to precisely define the origin of such ectopic activity. Although various ECG guidelines have been proposed to distinguish supraventricular depolarization from ventricular depolarizations, for example, none are foolproof. Nevertheless, knowledge of the origin of impulse formation has become critical in the current era of catheter ablation. Recording intracardiac electrograms is the most reliable method of defining the origin of ectopic activity. Such recordings have thus provided the most accurate method of localizing and characterizing ectopic activity and have made us aware of the many limitations of the surface ECG in the evaluation of these arrhythmias. More recently, Hariman et al. ( 1,2,3 and 4) have demonstrated that the use of high-gain specially filtered electrograms (.1 to 25 to 50 Hz) can be used to detect automaticity in ectopic foci of the ventricle, atrium, and atrioventricular (A–V) junction (AVJ). The frequency with which such signals can be obtained has not yet been evaluated. However, it is logical that, analogous to sinus node electrograms, automaticity could be detected in very well-localized areas. Another potential method to localize and postulate mechanisms of arrhythmias is through the use of recording monophasic action potentials (MAPS) to record afterdepolarizations ( 5,6,7,8 and 9). While many accept MAP recordings, much concern exists in my mind as to whether what is recorded is truly responsible for the arrhythmia it is being used to localize. In my opinion, further validation of these techniques demonstrating a causal relationship to arrhythmogenesis is needed before this technique is applied clinically.



ATRIAL DEPOLARIZATIONS The ability to assess atrial activity by standard ECG criteria is limited. Atrial anatomy, prior surgery, fibrnosis, drugs, and atrial position in the thorax can influence propagation of atrial activity and, therefore, P-wave morphology. Thus, the predictive accuracy of P-wave morphology for sites of ectopic atrial impulses is limited in the presence of these factors. Although a P wave in the surface ECG is the manifestation of atrial activation, even the absence of P waves cannot be taken to exclude the presence of atrial activity. In an occasional patient, the surface ECG demonstrates the absence of P waves, a normal QRS complex, and a regular ( Fig. 7-1) or an irregular rhythm (Fig. 7-2), suggesting either a junctional (His bundle) rhythm with atrial quiescence or atrial fibrillation. In such cases, atrial electrograms frequently can be recorded in either the left or right atrium, and in some cases they may be localized to a discrete site within one or both atria ( Fig. 7-2) (10,11 and 12). This situation occurs not uncommonly in the setting of chronic heart disease (particularly rheumatic heart disease), with dilated diseased atria ( 12). Moreover, in our experience, during so-called sinoventricular conduction that is due to hyperkalemia, atrial electrograms have always been recorded. Thus, because atrial activity may be present without representation on the ECG, intracardiac recordings may be the only method of assessing unexplained supraventricular rhythms.



FIG. 7-1. Atrial tachycardia in the absence of P waves on the surface QRS. Leads 1, 2, and V 1 are shown with electrograms from the high-right atrium (HRA) and His bundle (HBE) and time lines (T). There is a dissociation of atrial activity and ventricular activity; thus, complete heart block is present. Simultaneously, a regular atrial rhythm at a cycle length of 380 msec is seen in the intracardiac recordings, yet there are no distinct P waves on the surface ECG. Hyperkalemia with so-called “sinoventricular rhythm” was assumed to be present in the patient.



FIG. 7-2. Atrial tachycardia with absence of P waves on the surface ECG. ECG leads 1, F, and V 1 are shown with an atrial electrogram recorded at the low atrial septum (AS). The surface ECG demonstrates an irregular rhythm and no P waves, suggesting atrial fibrillation. However, an intra-atrial electrogram from the AS revealed atrial tachycardia (A–A = 375 msec) with variable block. T = time line.



Endocardial mapping of the atria is a tool with which the site of origin of atrial premature depolarizations (APDs) can be ascertained ( 13). Because P-wave morphology on the surface ECG is determined by the patterns of interatrial and intra-atrial conduction, which can be markedly affected by disease and/or drugs, the ECG cannot always be used accurately before the site of origin of APDs ( 11,14,15 and 16) Figure 7-3 demonstrates an APD that originates in the left atrium. The pulmonary veins are an important source of APDs. Several investigators (Haissaguerre et al.) have shown that APDs originating in the pulmonary venis can initiate atrial fibrillation. Cure of atrial fibrillation can be accomplished by ablating such foci ( 17,18). Other frequent sites of APDs are the atrial appendages, crista term, and fibers around the mitral and tricuspid avule. Because superiorly directed P waves can be observed with APDs that originate low in the right atrium, as well as in the left atrium or coronary sinus, intracardiac recording is the only method of localizing the origin of such P waves. Moreover, if P-wave morphologies of APDs appear similar to sinus P waves, the only method of differentiating those premature impulses from sinus arrhythmia or sinus node reentry (see Chap. 8) or ectopic impulses in the region of the sinus node is mapping the sequence of atrial activation of the early complexes. An atrial activation sequence different from that during sinus rhythm confirms the premature complexes as ectopic, despite a surface P-wave morphology similar to sinus. Automaticity (suggested by recording phase 4 activity) and triggered activity (suggested by recording delayed afterdepolarizations) have been postulated as the mechanism of APDs (2,3). How valid these conclusions are and, if they are, how frequent such mechanisms are operative, remain speculative. The morphology of the electrogram at the site of origin, i.e., fractionale, split, etc., does not determine the mechanism of the APD. It is only a reflection of propagation of



the atrial impulse.



FIG. 7-3. Atrial mapping to localize the origin of atrial premature depolarization (APDs). Multiple APDs with bizarre P-wave morphology arise in the left atrium (LA) near the left inferior pulmonary vein. The local electrogram at that site begins before the onset of the P wave, with the rapid deflection is occurring 13 msec after the onset of the P wave in the surface ECG. This was the earliest site recorded from either atria. T = time line. (From: Josephson ME, Scharf DL, Kastor JA, Kitchen JG III. Atrial endocardial activation in man. Electrode catheter techniques for endocardial mapping. Am J Cardiol 1977;39:972.)



The site of origin of an atrial impulse can affect the P–R intervals ( 19,20 and 21). Such an apparent alteration in A–V conduction (i.e., changing P–R interval) may result from a different input into the A–V node, either qualitatively or in relationship to the activation of the remainder of the atrium. An example of that phenomenon is depicted in Figure 7-4; different atrial rhythms are associated with different P–R intervals despite identical A–H intervals. This situation is a result of an earlier input into the A–V node relative to atrial activation during the rhythm shown on the left. Shorter A–H intervals than sinus are more often observed with ectopic atrial activation originating in the coronary sinus or inferoposterior left atrium ( Fig. 7-5). The response of the A–V node to pacing and premature atrial stimulation from different sites suggests that in some instances atrial activation originating in the coronary sinus seems to bypass part of the node, leading to shorter A–V nodal conduction and Wenckebach cycles.



FIG. 7-4. Different P–R intervals with identical A–H intervals, which is due to altered atrial activation and input into the atrioventricular (A–V) node. ECG leads 1, 2, and 3 are shown with a high-right atrial (HRA) and a His bundle electrogram (HBE). The panel on the left was taken during a low-right atrial rhythm (A in HBE is earliest and precedes the onset of the surface P wave). The panel on the right was taken during sinus rhythm. Note that despite a difference in P–R intervals, A–V nodal conduction remains the same (A–H = 80 msec) See text for explanation. TL = time line.



FIG. 7-5. Effect of stimulation site on A–H interval. The A–H intervals during pacing from the high-right atrium (HRA) and left atrial appendage (LAA) at a cycle length of 500 msec are shown. The A–H interval during left atrial pacing is shorter (55 msec) than that during HRA pacing (70 msec). This is likely due to left atrial input to the A–V node. HBE = His bundle electrogram; RV = right ventricle.



Finally, it is important to distinguish atrial echoes that are due to reentry in the sinus node, A–V node, or via a concealed A–V bypass tract from APDs. The relationship of these reentrant phenomena to conduction delay and the specific patterns of atrial activation associated with these echoes are discussed in Chapter 8 and Chapter 10.



JUNCTIONAL (HIS BUNDLE) DEPOLARIZATIONS His bundle depolarizations can be definitively recognized only by intracardiac recordings, especially if their manifestations are concealed ( Chap. 6). His bundle depolarizations most commonly take the form of escape rhythms in the presence of sinus node dysfunction ( Chap. 3) or A–V nodal block (Chap. 4). These escape rhythms usually have a QRS morphology identical to that during sinus rhythm. However, the hallmark of these rhythms is a His bundle deflection that precedes ventricular depolarization by a normal or greater than normal (in the case of bradycardia-dependent intra- or infra-His conduction disturbances) H–V interval ( Fig. 7-6). In the latter instance (i.e., intra- or infra-His delay) the QRS usually is aberrant. Retrograde atrial activation may or may not accompany His bundle rhythms, and it depends on the ability of the A–V node to conduct impulses retrogradely at the rate of the His bundle rhythm. Although rapid conduction to the atrium is demonstrated in Figure 7-6, in which atrial activation precedes ventricular activation, variable retrograde-conduction patterns may be presented, producing unusual rhythms. One such rhythm is a bigeminal pattern produced by a His bundle rhythm that is due to retrograde dual A–V nodal pathways and A–V nodal echoes ( Fig. 7-7; see Fig. 2-60, and Chap. 8). Retrograde conduction during His bundle rhythms is uncommon in the presence of digitalis intoxication because of coexistent impairment of A–V nodal conduction by digitalis. Retrograde conduction can occur in these circumstances in the presence of heightened symptomatic tone that can reverse digitalis A–V nodal blocking effects and enhances its ability to produce enhanced impulse formation. The site of origin of His bundle rhythms may differ. Hariman et al. (1), using high-gain, specially filtered unipolar signals, have detected phase 4 slope in such rhythms. He suggested that such junctional rhythms may arise in the node because overdrive suppression by atrial pacing did not depend on the impulse reaching the His bundle (i.e., during A–V nodal block) ( Fig. 7-8) (1). However, electrotonic interactions within the node at the N–H region could alter the resulting escape rhythm. The speed of retrograde conduction to the atrium has also been suggested as a means to help localize the site of the pacemaker, with a short retrograde conduction time suggesting an A–V nodal origin. This reasoning, however, is not valid, because retrograde conduction may be rapid (even more rapid than anterograde) if a “fast” A–V nodal pathway is used in the retrograde direction (see



Chap. 8). Further proof of this is provided by the similarly short H–A times that can be observed during ventricular stimulation (see Chap. 2).



FIG. 7-6. His bundle rhythm with retrograde conduction. ECG leads 1, aVF, and V1 are displayed with electrograms from the high-right atrium (HRA), coronary sinus (CS), His bundle region (HBE), and right ventricular apex (RVA). A His bundle deflection (H) precedes each ventricular depolarization by an H–V interval identical to sinus rhythm. In this case, the H–V interval is 45 msec, and retrograde atrial activation precedes ventricular depolarization. T = time line.



FIG. 7-7. Junctional rhythm presenting as bigeminy owing to (A–V) nodal reentry. Leads 1, aVF, and V1 are shown with electrograms from the high-right atrium (HRA), midright atrium (MRA), fossa ovalis (FO), and proximal, mid-, and distal coronary sinus (CSp, CSm, CSd) as well as His bundle electrogram (HBE) and right ventricular (RV) electrogram. The junctional rhythm is present. Each junctional escape beat is followed by retrograde conduction to the A–V node. Retrograde conduction is by way of the slow A–V nodal pathway, which allows reexcitation of the His bundle over the fast pathway. Thus, retrograde dual A–V nodal pathways with reentry in the presence of a junctional rhythm can give rise to a bigeminal rhythm. T = time line.



FIG. 7-8. Effects of atrial pacing on the junctional rhythm and the junctional diastolic slope. A and B. Tracings are arranged as follows: T = time lines, L1, L2, V 1 = leads 1, 2, and V 1 of the electrogram, RA = high-right atrial electrogram, HB = bipolar His bundle electrogram, and UE = unipolar electrogram of the His bundle. The arrows indicate junctional diastolic slopes (DS). A, H, and V are electrograms of the atria, the His bundle, and the ventricles. S = stimulus artifact. Voltage calibration is for UE. A. Control. B. Atrial pacing at 600-msec cycle length for 30 see resulted in 2:1 conduction to the His bundle and the ventricles. After pacing, the junctional cycle length was prolonged from 820 to 860 msec in control to 1440 msec, and the diastolic slope decreased from 0.08 to 0.12 mV/sec in control to 0.005 mV/ sec. The junctional cycle length and the diastolic slope returned to control values after 2 beats. See text for details. (From: Hariman RJ, Gomes JAG, El-Sherif N. Recording of diastolic slope with catheters during junctional rhythms in humans. Circ 1984;69:485.)



The response of the His bundle pacemaker to atropine may help localize the site within the A–V junction from which the automatic focus arises ( 22). A rapid response suggests a pacemaker in the proximal His bundle or N–H region of the node, whereas a sluggish response suggests a more distal (or an impaired proximal) pacing focus. The use of calcium blockers or adenosine may also be of value. A marked depression of automaticity suggests a nodal origin because it is the site most sensitive to these agents (23). His bundle depolarizations may also manifest themselves only by concealed conduction ( Chap. 6), which may lead to sudden changes in the P–R interval or even to second-degree A–V block (24,25,26 and 27). His bundle depolarizations should always be considered a possibility with the sudden appearance of Mobitz Type II A–V block in a patient with a narrow QRS complex. These forms of “pseudo-block” should not necessarily be treated with a pacemaker; if treatment for hemodynamic stability is required, antiarrhythmic drugs can be used. A dramatic example of pseudo-block that was successfully treated with quinidine is shown in Figure 7-9. This patient (described in Chap. 4), who had a right bundle branch block and left anterior hemiblock morphology, had experienced dizzy spells and had been referred for permanent implantation of a pacemaker. The electrophysiologic study revealed pseudo-block that was due to concealed His bundle depolarizations, a finding that was crucial to the appropriate management of the patient's condition. Nevertheless, His bundle extrasystoles often exist with impaired excitability in the His bundle. Thus, in many of such cases, drugs plus a pacemaker are needed.



FIG. 7-9. Pseudo-Mobitz Type II atrioventricular (A–V) block produced by concealed His bundle depolarizations. Surface leads 1, 2, and V 1 demonstrate Mobitz Type II A–V block in the presence of RBBB with LAH. Intracardiac recordings from the high-right atrium (HRA), left atrium (LA), and His bundle region (HBE) demonstrate that



a concealed premature His bundle (H) depolarization is responsible for failure of the second sinus impulse to conduct to the ventricles. T = time lines. See text for discussion.



His bundle depolarizations can also be manifested as blocked APDs ( Fig. 7-10) (28). Moreover, the presence of such extrasystoles can lead to block in the His bundle (above or below the recording site) during refractory period determinations ( Fig. 7-10). Finally, His bundle depolarizations may be truly concealed and have no representation, direct or indirect, on the surface ECG. In this instance, intracardiac recordings demonstrate isolated His bundle spikes that do not affect subsequent events. Frequently, multiple manifestations of His bundle extrasystoles may be recorded in one patient ( Fig. 7-11) (26). In such a patient, the presence of conducted His bundle extrasystoles on the ECG is an important clue to the diagnosis. Complex conduction problems including “gap” phenomena (see Chap. 6) may be observed with His extra systoles (Fig. 7-12) (26).



FIG. 7-10. Premature His bundle depolarization manifested as a blocked atrial premature depolarization (APD). In this patient, who has marked infranodal conduction delay (H–V = 330 msec), a premature His bundle depolarization blocks below the recorded His bundle deflection but is able to conduct retrogradely to the atrium, appearing as a blocked APD on the surface ECG (arrow). HBE = His bundle electrogram; HRA = high-right atrium; RV = right ventricle; T = time line.



FIG. 7-11. Multiple manifestations of His bundle depolarizations in the one patient. Three His bundle depolarizations (H*) are recorded. The first H* has no manifestation on the surface ECG and appears as an isolated His spike without affecting subsequent atrioventricular conduction. The second H* blocks within the His-Purkinje system but conducts retrogradely to the atrium to be manifested as a blocked atrial premature depolarization. This resets the sinus node and allows the third H* to arise as an escape rhythm during the sinus pause.



FIG. 7-12. Conduction patterns of spontaneously occurring His extrasystoles. A to D. Each panel shows the simultaneous recording from top to bottom of surface leads 1, 2, and 3, followed by high-right atrium (HRA) and His bundle electrogram (HBE) deflections. Time lines (T) on the bottom of each frame record 100 msec per large spike. The basic rhythm is sinus with similar cycle lengths (895 to 955 msec) in each frame. A. A His extrasystole (H*) with coupling interval (H–H*) of 540 msec, conducts antegrade with normal H*V time (48 msec), as well as retrograde. Note the reversal of the intra-atrial conduction pattern of the retrograde atrial depolarization (Ar) in this and subsequent panels. B. A His extrasystole with shorter coupling interval (H–H* = 460 msec) conducts to the ventricle with prolonged infranodal conduction (72 msec) and a RBBB pattern. Ar is clearly seen in the HRA and is partially buried within the ventricular depolarization in the HBE. C. Further prematurity of the His extrasystole (H–H* = 410 msec) causes block within the His-Purkinje system, and no ventricular depolarization occurs. D. With even greater prematurity (H–H* = 350 msec), infranodal conduction resumes, but with marked prolongation (H*V = 172 msec) and the development of a LBBB pattern. (From: Bonow RO, Josephson ME. Spontaneous gap phenomenon in atrioventricular conduction produced by concealed His bundle extrasystoles. J Electrocardiol 1977;10:263.)



FASCICULAR DEPOLARIZATIONS Automatic or triggered foci in the fascicles of the proximal specialized conduction system can give rise to premature impulses or escape rhythms similar to those resulting from such foci in the His bundle ( 29). These rhythms may be manifested by wide QRS morphologies, or they may produce concealed conduction analogous to His bundle depolarizations ( Chap. 6). The diagnosis of fascicular rhythms relies on the ability to record His bundle deflections before or just within the ventricular electrogram. The recorded His bundle deflection results from retrograde His bundle depolarization, and its position relative to ventricular depolarization depends on the relative antegrade and retrograde conduction times from the site of impulse formation. If a His bundle spike appears before the QRS complex during a fascicular depolarization, by definition, it must have a shorter H–V interval than a sinus impulse ( Fig. 7-13). If the His bundle is activated before ventricular activation, retrograde conduction of the impulse is faster than antegrade conduction. Most investigators have inferred that such a finding means that the origin of the impulse is closer to the His bundle than to the ventricles; however, their inference assumes that antegrade and retrograde conduction velocities are equal, an assumption that has not been validated (30,31). It therefore means retrograde conduction to the His bundle occurs earlier than antegrade conduction to the ventricles.



FIG. 7-13. Premature fascicular depolarization with more rapid retrograde than antegrade conduction. The sinus complex (first impulse) manifests a right bundle branch block pattern with right axis deviation The H–V of the sinus beats is 80 msec. A premature complex (second impulse) with a morphology very similar to that of sinus rhythm arises from the left anterior-superior fascicle. A retrograde His bundle deflection (H) appears 20 msec before ventricular depolarization. Thus, retrograde conduction from the site of impulse formation through the fascicles to the His bundle was faster than antegrade conduction to ventricular myocardium. This phenomenon results in a pattern of ventricular activation similar to that during sinus rhythm. CS = coronary sinus; HBE = His bundle electrogram; HRA = high-right atrium; T = time lines. See text for further discussion.



Retrograde His bundle deflections are seen in approximately 85% of patients during ventricular pacing when 5-mm interelectrode distances are used (see Chap. 2). Typically, the His deflection is recorded as a stimulus-to-retrograde His (S–H) interval that typically is 10 msec greater than the antegrade H–V interval. Use of para-Hisian pacing facilitates recording of a His bundle after the QRS. In my experience, ventricular stimulation from multiple sites in either ventricle has never resulted in an S–H interval less than the H–V interval ( Chap. 2). An unquantifiable amount of time is required to reach the His-Purkinje system from the ventricular site of origin of a paced ventricular complex; the same would be true for spontaneous impulses arising from ventricular myocardial cells with abnormal automaticity a triggered activity. Thus, indirect evidence suggests that retrograde conduction to the His bundle is no faster than antegrade conduction. One therefore probably can safely assume that the impulse has a fascicular origin if the His bundle deflection occurs within 20 msec after the onset of ventricular activity. Certainly, the recording of a “retrograde” His potential before the QRS suggests an origin quite proximal in the fascicle. In general, fascicular rhythms or premature depolarizations that have short H–V intervals are narrower and show greater similarity to the sinus complex than do those with His bundle deflections inscribed just within the QRS complex (cf. Fig. 7-13 and Fig. 7-14). Fascicular rhythms from all three fascicles theoretically can be observed. A right bundle branch block origin produces a left bundle branch block morphology, whereas origins from the anterior and posterior divisions of the left bundle branch produce a right bundle branch block. In my experience, however, I have never seen a right bundle branch extrasystole. This is consistent with the fact that the fascicles of the left bundle branch have a faster automatic rate, spontaneously and in response to a variety of perfurbations, than the right bundle branch with right or left axis deviation, respectively ( 29,30 and 31). While these comments regarding short H–V intervals signifying a fascicular origin are valid in normal hearts, occasionally a true ventricular extrasystole arising in a scarred ventricle can demonstrate a His deflection prior to the QRS ( Chap. 11).



FIG. 7-14. Fascicular depolarization with faster antegrade conduction to the ventricles than retrograde conduction to the His bundle. The second complex is a fascicular extrasystole with retrograde activation of the His bundle (Hr) occurring after the onset of the QRS complex. This phenomenon results in a wide, bizarre QRS complex because a great portion of the ventricles are depolarized by muscle-to-muscle activation before any ventricular depolarization can occur antegradely over the specialized conduction system. A minimum of 35 msec after His bundle depolarization is required for ventricular depolarization via the specialized conduction system to take place. This requirement suggests that the fascicular impulse arises distally and/or that the velocity of retrograde conduction over the fascicle is much slower than the velocity of antegrade conduction. HBE = His bundle electrogram; HRA = high-right atrium; T = time line.



The therapeutic implications of fascicular rhythms or fascicular premature depolarizations are not clear, although most physicians regard them as ventricular in origin and treat them as such. It has been suggested that in the setting of myocardial infarction, fascicular depolarizations associated with inferior infarction have a right bundle branch block and left axis deviation morphology because they arise from the posterior-inferior fascicle of the left bundle branch. Those associated with anterior infarction arise from the anterior-superior fascicle and have a right bundle branch block with right axis deviation pattern. Although those suggestions seem logical, proof is lacking. Digitalis intoxication is also associated with fascicular depolarizations. In our experience, these are invariably from the anterior or posterior division of the left bundle branch. In addition, they can frequently be initiated by pacing the heart ( Fig. 7-15). This phenomenon is compatible with triggered activity that is due to delayed afterpotentials, the mechanism postulated for many digitalis-induced arrhythmias ( 32,33 and 34). Such triggered fascicular rhythmias may be encountered in the absence of digitalis, and if incessant, may produce a tachycardia-mandated cardiomyopathy ( 35).



FIG. 7-15. Fascicular extrasystole. Leads 1, 2, 3, and V1 are shown with electrograms from the high-right atrium (HRA) and His bundle (HBE). During atrial pacing at 900 msec, spontaneous QRS complexes with a right bundle branch block, and left axis deviation are induced. Each time this pattern was reproduced, a retrograde His bundle section was observed just at the onset of the QRS. The QRS width is 120 msec. This fascicular extrasystole with the ability to reproducibly initiate the triggered extrasystole suggests a mechanism compatible with triggered activity that is due to delayed afterdepolarizations. The presence of a His deflection at the onset of the QRS as well as the narrowness of the QRS suggest that the origin of the extrasystole is high in the fascicle. T = time line.



VENTRICULAR DEPOLARIZATIONS



The ECG criteria proposed to distinguish supraventricular depolarizations with aberrations from ventricular depolarizations are legion ( 35,36). Despite the applicability of these criteria to large groups of patients, they may not be valid for a given person. Intracardiac recording is the most accurate diagnostic tool for evaluating the problem. His bundle recordings have demonstrated that bizarre QRS morphologies, A–V dissociation, and so on, may be encountered with supraventricular impulses as well as with impulses of ventricular origin. By definition, a ventricular depolarization is one in which no His bundle deflection is seen before the QRS complex in the absence of preexcitation ( Chap. 10). The ventricular depolarization may be isolated ( Fig. 7-16) in runs such as an accelerated ventricular rhythm ( Fig. 7-17) (37) or a sustained ventricular tachycardia ( Chap. 11). Caution must be taken to ensure that the absence of a His bundle deflection is not due to poor placement of the catheter. From the appearance of a normal His bundle spike associated with the supraventricular complex immediately preceding or following the ventricular rhythm, it can be inferred that the catheter was placed correctly. Occasionally, His bundle spikes may be observed at the terminal portion of a premature ventricular complex. The relationship of ventricular activation to retrograde His bundle activation depends on the prematurity of the ventricular impulse ( Chap. 2). The earlier the VPD, the longer the retrograde His-Purkinje conduction time (38,39). In the presence of coronary artery disease with prior infarction, VPDs usually originate in areas of infarction characterized by abnormal fragmented electrograms (see Chap. 11; Fig. 7-18). Such VPDs may have a retrograde His deflection prior to the QRS (see Chap. 11). Such fragmented electrograms appear to be markers of a pathologic substrate that is potentially arrhythmogenic, and sustained ventricular rhythmias can occur as a consequence of reperfusion. These typically arise from the area of reperfusion and in my experience, signify successful reperfusion and have no negative clinical implications.



FIG. 7-16. Differentiation of ventricular premature depolarization (VPD) from an atrial premature depolarization (APD) with aberration. The third and fifth ventricular complexes both manifest a right bundle branch block pattern. The former is demonstrated to be a VPD (arrow) because of the absence of a preceding His bundle deflection. The latter is aberrantly conducted (APD, arrow) from the second of two atrial premature depolarizations (Ap), which is not seen on the surface ECG (there is no clear P wave noted during the second Ap). Aberration is confirmed by a His bundle deflection preceding the QRS complex which, in this case, is associated with H–V prolongation. The fact that clear His bundle deflections are recorded before and after the VPD rules out improper position of the catheter as the cause of failure to record a His bundle spike with the VPD. CS = coronary sinus; HBE = His bundle electrogram; HRA = high-right atrium; T = time line.



FIG. 7-17. Accelerated idioventricular rhythm. Leads 2 and V1 are shown with a His bundle electrogram (HBE) and electrograms from the right ventricular apex (RVA), coronary sinus (CS), and at the left ventricular apex from proximal (LV p) and distal (LV d) pairs of electrodes. After one sinus complex, four complexes of an accelerated ventricular rhythm with slightly irregular cycle length begin. No His bundle deflections are observed during the tachycardia, but they are clearly observed immediately before initiation and after termination. HBE = His bundle electrogram; T = time line.



FIG. 7-18. Premature ventricular complexes in a patient with prior infarction. Leads 1, aVF, and V 1 are shown with electrograms from left ventricle site 11 (LV11) (see Fig. 2-11). The top tracing is the unipolar (UNI) tracing, and the bottom two are bipolar (BI) with 5- and 10-mm interelectrode distances, respectively. During sinus rhythm, an anteroseptal infarction can be recognized. At the recording site, a split potential—the second component, inscribed well after the termination of the QRS—is observed (see Chap. 2 and Chap. 11). This electrogram denotes marked abnormalities of conduction associated with infarction. Two premature ventricular complexes are then observed originating from this site, with activity preceding the QRS by 90 msec. Note that during the premature complexes the electrogram is also split into two components Close relationship of abnormalities of activation during sinus rhythm and sites of origin of ventricular complexes is discussed in Chapter 11. T = time line.



The ability to diagnose a ventricular origin using intracardiac recordings has important therapeutic implications, which are particularly evident in the setting of acute atrial fibrillation with a rapid ventricular response during which intravenous digitalization has begun. The appearance of rapid, bizarre QRS complexes may indicate digitalis intoxication if they are interpreted as VPDs. However, if they represent an aberrantly conducted ventricular impulse, they may suggest the need for further digitalization ( Chap. 9). Once the diagnosis of a supraventricular complex with aberrancy is confirmed, the clinician can be sure that aggressive antiarrhythmic therapy is unnecessary. This confirmation may prevent iatrogenic disease, and it therefore may justify the performance of an electrophysiologic study. The appearance of premature depolarizations from multiple sites in the heart simultaneously is one of the signs of advanced digitalis intoxication ( Fig. 7-19), which requires appropriate therapy.



FIG. 7-19. Premature complexes at multiple sites simultaneously. Leads 1, 2, 3, and V1 are shown with electrograms from the high-right atrium (HRA) and His bundle (HBE). An atrial tachycardia is shown along with premature complexes from the right bundle branch (first wide complex), the ventricle (second wide complex), the anterior division of the left bundle branch. Prolonged A–V conduction is observed on the only wide complex that is conducted. The multiple levels of enhanced excitability should suggest digitalis intoxication. T = timeline.
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Supraventricular Tachycardias
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The development and refinement of the techniques of intracardiac recording and programmed stimulation, and our ability to compare these findings with experimental models, have resulted in a greater understanding of the physiologic mechanisms responsible for paroxysmal supra-ventricular tachycardias (SVTs). This has led to a more meaningful classification of these tachycardias. This chapter discusses analysis of SVT using these techniques.



MECHANISMS OF SUPRAVENTRICULAR TACHYCARDIA Our concepts of arrhythmogenic mechanisms have evolved over the past century. The two basic mechanisms responsible for SVT (and for that matter, all tachycardias) are enhanced impulse formation and abnormalities of conduction leading to reentry ( 1,2). Enhanced impulse formation may be due to enhanced phase 4 automaticity in normal or abnormal cells (abnormal automaticity) or to triggered activity. Tachycardias that are due to enhanced automaticity, either normal or abnormal, can in general be neither predictively initiated nor terminated by electrical stimulation. Although experimental models suggest that annihilation of an automatic focus (not a tachycardia) is possible ( 3), this is not predictable. The most common response of automatic rhythms to overdrive pacing is either overdrive suppression or no effect whatsoever (1,2,4). Triggered rhythms that are due to delayed after-depolarizations have been demonstrated in atrial tissue under a variety of experimental conditions ( 5,6 and 7). Observations in animal models and in vitro preparations have shown that electrical stimulation can induce tachycardias that are due to triggered activity; however, the initiation of such arrhythmias is most consistently produced by overdrive pacing and is not associated with conduction delay and/or block. Specific responses such as (a) a direct relationship between the coupling interval or paced cycle length initiating the rhythm and the interval to the onset of the rhythm and early cycle length of the rhythm and (b) overdrive acceleration are typical of such arrhythmias and distinguish them from reentrant arrhythmias (see following discussion) ( 4,5,6 and 7). The relevance of triggered activity to clinical SVTs is not yet established and, with the possible exception of digitalis-induced atrial tachycardias, is certainly uncommon ( 8). The second mechanism is reentry, which is an expression of abnormalities of impulse propagation ( 1,2). These may be based on anatomic, functional, or a combination of anatomic and functional abnormalities, which provide the electrophysiologic inhomogeneity required for sustained reentry. The following three conditions are required for the initiation and maintenance of a reentrant rhythm: (a) at least two functionally (or anatomically) distinct potential pathways that join proximally and distally to form a closed circuit of conduction; (b) unidirectional block in one of these potential pathways; and (c) slow conduction down the unblocked pathway, allowing the previously blocked pathway time to recover excitability; that is, the conduction time along the alternative pathway must exceed the refractory period of the initially blocked pathway. If, and only if, conduction delay and refractoriness in both pathways are appropriate, a continuously circulating wavefront of electrical activity will ensue, resulting in a tachycardia. The sine qua non of a reentrant arrhythmia is the ability to reproducibly initiate the tachycardia by timed extrastimuli (particularly in association with evidence of conduction delay and block). Similarly, programmed stimulation can also reproducibly terminate the tachycardia. The mode of initiation and response to stimulation during a reentrant tachycardia differs from that of triggered activity. Timed extrastimuli are more effective than rapid pacing for initiation; there is no direct relationship of pacing cycle length or coupling of extrastimuli to the interval to the onset of the tachycardia or cycle length of the tachycardia; and resetting or entrainment of the tachycardia in the presence of fusion can be demonstrated ( 1,2,4,7). The latter two phenomena are diagnostic of reentry (9,10). In view of these responses to stimulation, the vast majority of paroxysmal SVTs appear to be reentrant.



METHODS OF EVALUATION Incremental pacing and programmed extrastimuli from both the atrium and ventricle may be used to initiate SVTs (see Chap. 2). After a tachycardia has been initiated, the stimulator is synchronized in, and triggered by, a suitable intracardiac electrogram. One or more extrastimuli and overdrive pacing are then introduced to modify (reset, entrain, or terminate) the arrhythmia. The use of these techniques has demonstrated that most SVTs are due to reentry and that the general diagnostic category, SVT, is in reality composed of several different arrhythmias. Mechanisms and site of origin of SVT can be defined and classified by analysis of specific phenomena (Table 8-1) including the following:



TABLE 8-1. Electrophysiologic Evaluation of Supraventricular Tachycardia



1. The mode of initiation of the tachycardia, with particular attention to the site of conduction delay, which appears requisite for the development of the arrhythmia: To help distinguish reentry from triggered activity ( 4,7), one should also analyze the relationship of the basic drive cycle length and the coupling interval of the extrastimulus that initiates the tachycardia to the onset of the tachycardia and the initial cycle length of the tachycardia. 2. The atrial activation sequence and relationship of the P wave to the QRS complex at the onset of and during the tachycardia. 3. The effect of bundle branch block, spontaneous or induced, on the cycle length and ventriculoatrial (V–A) conduction time during the tachycardia. 4. The requirement of atrial, His bundle, and/or ventricular participation in the initiation and maintenance of the tachycardia, i.e., the effect of A–V dissociation or variable A–V or V–A conduction on the tachycardia. 5. The effect of atrial and/or ventricular stimulation during the tachycardia. Response to such stimulation allows one to assess the role of atrial, His bundle, and ventricular participation in the tachycardia. Responses to extrastimuli can establish and quantitate the presence of an excitable gap within the reentrant circuit (10,11,12,13 and 14). 6. The effects of drugs and/or physiologic maneuvers on the tachycardia. This allows one to characterize the properties of the tachycardia circuit as well as to establish which components of the heart are required to maintain the tachycardia. The mechanisms and frequency of SVTs based on the results of such investigations and observations are listed in Table 8-2.



TABLE 8-2. Mechanisms of SVT



SUPRAVENTRICULAR TACHYCARDIA RESULTING FROM ATRIOVENTRICULAR NODAL REENTRY Supraventricular tachycardia due to A–V nodal reentry (AVNRT) is the most common form of SVT, accounting for approximately 50% of the cases ( 15,16,17 and 18). This arrhythmia is more common in women and usually occurs before age 40 with a median age of onset of 28. However, this arrhyhmia may be seen in children or the elderly. We have recently studied an 88-year-old woman with severel symptomatic AVNRT. The rates of A–V nodal reentrant tachycardia vary widely. In our patient population, we have seen SVT rates ranging from 100 beats to 280 beats per minute (bpm) with a mean of approximately 170 bpm. Rates are slower in patients over 50 than in those under 50. Holter monitoring in such patients demonstrates atrial premature depolarizations (APDs) and isolated atrial echo beats between episodes. The concept of A–V nodal reentry as a mechanism of SVT was first proposed by Mines in 1913 ( 19). Moe and his associates were the first to postulate that SVT could be produced by longitudinal dissociation of the A–V node into two pathways in the A–V node ( 20). They were also the first to demonstrate that atrial extrastimuli could actually initiate and terminate SVT in the rabbit ( 21). Based on their experiments, these investigators postulated the presence of a dual A–V nodal transmission system with a slowly conducting alpha pathway with a short refractory period and a fast conducting beta pathway with a longer refractory period. During sinus rhythm the impulse traverses the faster-conducting beta pathway to produce a single QRS complex ( Fig. 8-1A). The impulse simultaneously conducts down the alpha pathway (slow), reaching the lower part of the AV node or His bundle shortly after it has been depolarized and rendered refractory by the impulse that has conducted down the beta pathway. When an APD is delivered ( Fig. 8-1B), the impulse blocks in the beta pathway, because of its longer refractory period, and proceeds slowly down the alpha pathway. This leads to a prolonged P–R interval. If conduction down the alpha pathway is slow enough to allow the previously refractory beta pathway time to recover, an atrial echo results. If, however, the alpha pathway does not itself recover excitability in time to permit subsequent antegrade conduction, only a single atrial echo results. An earlier APD ( Fig. 8-1C) also blocks in the beta pathway, but conducts more slowly down the alpha pathway and arrives later to retrogradely excite the beta pathway, producing an echo. Because of the longer antegrade conduction time, however, the alpha pathway has now had more time to recover excitability, and a sustained tachycardia results. This schema depicts initiation of the most common form of A–V nodal reentrant tachycardia, typical A–V nodal reentry. Rarely, the beta pathway may have a shorter refractory period than the alpha pathway, and the tachycardia can be reversed, conducting antegradely down the fast pathway and retrogradely up the slow pathway to produce the uncommon variety of A–V nodal reentry ( Fig. 8-2) (18,22,23,24,25,26,27 and 28).



FIG. 8-1. Mechanism of typical A–V nodal reentry. The A–V node (AVN) is schematically drawn with fast and slow pathway. The beta pathway has fast conduction and long refractoriness, and the alpha pathway is slowly conducting with relatively shorter refractoriness A. During sinus rhythm, the impulse reverses the AVN over the fast pathway, yielding a normal P–R interval. The impulse simultaneously goes down the slow pathway, but it does not conduct to the His bundle and ventricles, because they have been rendered refractory by the prior impulse conducting through them over the fast pathway. B. An atrial premature beat blocks in the fast pathway and conducts even more slowly down the slow pathway to depolarize the His bundle and ventricles. This gives rise to a prolonged P–R interval. Because conduction is slow, the beta pathway has time to recover and the impulse continues retrogradely to excite the beta pathway and return to the atrium, giving rise to an atrial echo (arrow). The impulse tries to return down the alpha pathway, but it has not recovered refractoriness, so the impulse blocks after a single echo. C. A more premature impulse occurs, which again blocks in the fast pathway. This time, however, the impulse conducts down the slow pathway even slower before it activates the His bundle and ventricles, giving rise to an even longer P–R interval. Because of the further prolongation of conduction, not only does the fast pathway have time to recover, giving rise to a single echo, but the slow alpha pathway also has recovered to allow repetitive reentrance antegradely, leading to SVT. See text for further discussion.



FIG. 8-2. Schema of the atypical form of (A–V) nodal reentry. Here, the A–V node (AVN) is schematically drawn, as in Fig. 8-1, but here the beta pathway has fast conduction but a relatively shorter refractory period than the slowly conducting alpha pathway. A. In sinus rhythm, the impulse conducts over the fast pathway, giving rise to a normal P–R interval, as in Fig. 8-1. B. However, in response to an APD, block now occurs in the slow pathway, but it is concealed because conduction proceeds over the fast pathway with minimal prolongation of the P–R interval. The impulse conducting over the fast pathway tries to return up the alpha pathway, but it has not recovered excitability, so no echo occurs. C. An even earlier APD blocks again in the slow pathway, which is not manifest on the surface ECG as the impulse proceeds over the fast pathway with slightly longer P–R prolongation. However, as the impulse reenters the slow-conducting alpha pathway, conduction through that pathway proceeds so slowly that the site of block has time to recover excitability and repetitive reentrance occurs, with the development of SVT. Note in this case that because retrograde activation occurs slowly over the alpha pathway, the P wave follows the QRS by a longer R–P interval. See text for further discussion.



Recently, the concept of dual A–V nodal pathways causing longitudinal dissociation of the A–V node permitting A–V nodal reentry has been called into question. Jalife (29) has elegantly shown that the jump in conduction times and isolated reentry can occur in a nonhomogeneous linear structure if conduction occurs electrotonically across an area of block. Using a sucrose gap model, he demonstrated classic dual pathway responses in isolated Purkinje fibers. Antzelevitch and Moe (30) demonstrated similar responses in an ischemic gap preparation. Thus, electrotonic propagation clearly can produce dual-pathway responses in the absence of longitudinal dissociation and even can produce reflection of the impulse, a form of micro-reentry, at least for isolated beats. This does not mean that the A–V node works by electrotonic conduction across areas of block. Nodal fibers are not inexcitable, and they conduct by slow responses ( 31,32) and not solely by electrotonic interaction. The A–V node is a complex structure with posterior and left atrial extensions that are engaged by transitional tissue. There are sparce gap junctions in the compact node. Its posterior extension and transitional tissue in the posterior triangle of Koch are longitudinally arranged parallel to the tricuspid annulus with scant side-to-side connections. The anatomic characteristics create nonuniform anisotropic properties that could lead to saltatory conduction analogous to that shown by Spach and co-workers in atrial tissue ( 33,34) and recently by Dillon et al. ( 35) and Cardinal et al. (36) in ischemic ventricular muscle. Recently Spach and Josephson ( 37) showed that marked nonuniform anisotropic conduction is present in the posterior triangle of Koch in canines. All models in which discontinuous propagation occurs can give rise to input-output responses analogous to dual pathways. In nonuniform anisotropic tissue, responses to premature stimuli can create functional longitudinal dissociation and sustained reentry (33,34,35 and 36). Dual pathways therefore could actually exist wholly secondary to nonuniform anisotropic conduction. Data in humans supporting the dual pathway concept include the findings of two P–R or A–H intervals during sinus rhythm or at similar paced cycle lengths ( Fig. 8-3) (38,39); the occasional observation of double responses (1:2 conduction) either antegradely in response to atrial extrastimuli or retrogradely in response to ventricular extrastimuli; and the ability to preempt atrial echoes by ventricular extrastimuli delivered during slow pathway conduction during SVT ( 24,27,40,41 and 42). This latter phenomenon truly demonstrates two parallel pathways capable of conduction, because, if only a single pathway were present, the retrograde impulse from the ventricular extrastimulus would collide with the antegrade impulse and fail to reach the atrium. Thus, the concept of longitudinal dissociation of the A–V node with dual A–V nodal pathways and the critical interrelationship of conduction and refractoriness in these two pathways best explain the mechanism of A–V nodal reentry.



FIG. 8-3. Dual A–V nodal pathways manifested by two P–R intervals that are comparable paced cycle lengths. Both panels are arranged from top to bottom as leads I, II, V1, and electrograms from the high-right atrium (HRA), His bundle electrogram (HBE), and right ventricle (RV), and time lines (T). In the top and bottom panels, the atria are being paced at a cycle length of 700 msec. In the top, the A–H interval is 135 msec and is fixed and in the bottom, a totally different, markedly longer A–H interval (230 msec) is present. Two A–H intervals at the same paced cycle lengths suggest dual A–V nodal pathways. See text for further discussion.



While much of the literature implies that the fast and slow pathways are anatomically distinct structures, there is no anatomic evidence to support this concept. In fact analysis of the anatomy of the A–V nodal region of patients with and without AVNRT shows no differences and no evidence of specialized pathways ( 43,44 and 45). Even the “slow pathway” potentials described by Jackman et al. ( 46) and Hassaguerre et al. (47) are nonspecific electrograms that can be recorded in all people in the posterior triangle of Koch ( 48). Therefore, I believe that it is most likely that electrophysiologic demonstration of dual A–V nodal pathways is a result of the influence of nonuniform anisotropy on propagation in the A–V junctional region. Mechanisms of Initiation of Atrioventricular Nodal Reentry The spontaneous initiation of typical A–V nodal reentry is almost always by an APD that is associated with a long P–R and A–H interval leading to a tachycardia in which the atria and ventricles are activated nearly simultaneously ( Fig. 8-4). Thus, in typical A–V nodal reentry, initiation is produced when an APD blocks in the fast pathway and conduction proceeds antegradely over the slow pathway and retrogradely over the fast pathway, as depicted in Figure 8-1. It is logical to assume that if spontaneous APDs were the most frequent method of initiation of A–V nodal reentry, then programmed atrial extrastimuli could simulate the spontaneous situation and induce the tachycardia. In nearly 100% of patients with a history of AVNRT their arrhythmia can be induced by programmed stimulation, most commonly by timed APDs introduced over a reproducible range of coupling intervals ( Fig. 8-5) (15,16,17 and 18,27,43,49). The zone of coupling intervals of atrial extrastimuli that induces A–V nodal echoes or sustained SVT (i.e., “echo or tachycardia zone”) usually begins at coupling intervals associated with a marked prolongation of the P–R and A–H intervals. A–V nodal conduction delay (i.e., the increase in A–H interval), and not the coupling interval of the APD, is of prime importance in the genesis of A–V nodal reentrant SVT (50). This can be demonstrated by initiation of A–V nodal reentry by using the alternative method of atrial pacing to produce A–H delays at longer cycle lengths than at the coupling intervals of single extrastimuli required to produce comparable A–H delays ( Fig. 8-6). If one compares the initiation of SVT by atrial extrastimuli with that by atrial pacing, one can demonstrate that only after sufficient A–V nodal conduction delay is achieved, as reflected by the A–H interval, SVT is induced (Fig. 8-7).



FIG. 8-4. Spontaneous initiation of A–V nodal reentry. Leads I, II, and III are displayed with an electrogram from the HRA and HBE. The A–H and H–V intervals during sinus rhythm are normal. Following two sinus complexes, spontaneous APD (arrow) occurs, initiating SVT. The initiating APD is associated with a markedly prolonged A–H interval (240 msec), and atrial activity during SVT occurs simultaneous with the QRS. T = time line.



FIG. 8-5. Initiation of (A–V) nodal reentrant SVT. This and subsequent intracardiac recordings are similarly organized. From top to bottom: ECG leads 1, aVF, and V 1 and intracardiac recordings from the high-right atrium (HRA), coronary sinus (CS), A–V, junction in the His bundle area (HBE), and time lines (T). In the top panel, an atrial premature depolarization (A p) delivered at a coupling interval of 325 msec is conducted with an A–H interval of 105 msec without inducing SVT. In the lower panel, at a slightly shorter coupling interval (310 msec), A p is conducted with a much larger A–H interval (295 msec) and initiates SVT. The sudden marked prolongation of the A–H interval is characteristic of a shift from fast to slow A–V nodal pathways. During SVT, retrograde atrial activation, which begins at the onset of the QRS complex, is earliest in the HBE, followed by HRA and CS. See text for further discussion.



FIG. 8-6. Initiation of A–V nodal reentry by rapid atrial pacing. From top to bottom are leads 1, aVF, and V 1 and electrograms from the HRA, HBE and the right ventricular apex (RVA). After one sinus complex, atrial pacing (S 1–S 1) at a cycle length of 290 msec is begun. The second stimulated impulse is associated with a marked jump in the A–H interval, and with progressive delays in the A–H interval on subsequent complexes, A–V nodal reentry is induced. Note that the A–V nodal reentrant tachycardia cycle length is 265 msec and the pacing cycle length at which Wenckebach-like activity was occurring in the A–V node was longer at 290 msec. See text for further discussion.



FIG. 8-7. Primacy of (A–V) nodal conduction delay in the genesis of A–V nodal reentrant SVT. The A1–A2 interval of stimulated APDs or paced cycle lengths (PCL) at which Wenckebach-induced SVT occurs (abscissa) is plotted against the resulting A 2–H2 (ordinate). The vertical dashed line represents the A 1–A 2, below which SVT always results (filled circles). The horizontal dashed line represents the A 2–H2 interval, above which SVT results (filled circles and triangles) only at A 2–H2 intervals greater than 250 msec, independent of the coupling interval of the APD or PCL. Thus, A–V nodal delay (A 2–H2), not the coupling interval or PCL, is the critical determinant for initiating SVT.



Dual pathways are identified by a discontinuous response of A–V nodal conduction time to progressively premature APDs. Dual pathways can be identified by either plotting the A 1–A2 coupling intervals against the resultant A 2–H2 intervals or the A 1–A 2 intervals against the H 1–H2 intervals. A typical dual pathway curve is depicted in Figure 8-8. At longer coupling intervals, conduction proceeds over the fast (beta) pathway. At a coupling interval of 370 msec, a marked jump in the A–H interval is observed as the impulse blocks in the refractory beta pathway and proceeds slowly along the alpha pathway. Single A–V nodal echoes and SVT appear only during antegrade conduction down the slow pathway and retrograde conduction up the fast pathway. In about 20% of the cases, one does not see either an A–V nodal echo or SVT immediately after block in the fast pathway, and conduction proceeds down the slow pathway. The echo is observed only after a critical A–H interval is reached during a slow pathway conduction (Fig. 8-9). As seen in Figure 8-10, despite block in the fast pathway and very slow conduction down the slow pathway, A–V nodal reentry does not occur during high-right atrial stimulation. SVT is induced from the coronary sinus but only after a critical A–H in the slow pathway is reached. Thus, relating these events to the proposed mechanism shown in Figure 8-1, one must conclude that typical nodal reentry is initiated by atrial stimulation producing block in the fast pathway with a jump to the slowly conducting pathway. Only when conduction is slow enough during slow pathway conduction does reentry occur.



FIG. 8-8. Demonstration of dual A–V nodal pathways. The coupling interval of APDs (A 1–A2) (abscissa) is plotted against A 2–H2 (left) and H 1–H2 (right). At long A 1–A2 intervals, conduction occurs over the fast pathway, resulting in an increase in A 2–H2 and a decrease in H1–H2 intervals. At an A1–A2 of 370 msec, there is a marked increase in A 2–H2 and H1–H2 intervals as fast pathway refractoriness is encountered and conduction proceeds over the slow pathway. SVT (filled circles) results only during antegrade slow pathway conduction. See text for further discussion.



FIG. 8-9. Requirement of critical A–H during slow-pathway conduction and initiation of SVT. The coupling intervals of atrial extrastimuli (A 1–A2) are shown on the horizontal axis, and resultant A–V nodal conduction times (A 2–H2) are shown on the vertical axis. Block in the fast pathway occurs at an A 1–A2 of 480 msec, but no SVT is induced. SVT is only induced when A 2–H2 reaches 275 msec. See text for discussion. BCL = basic cycle length.



FIG. 8-10. Comparison of stimulation from the high right atrium and coronary sinus in a patient with SVT. In both panels, the coupling interval of APDs is plotted on the horizontal axis, and the resultant A 2–H2 interval is plotted on the vertical axis. Top. During high-right atrial stimulation, no reentry is observed, despite achieving coupling intervals of 270 msec and A–H intervals as long as 500 msec. Note the jump in A–H intervals, suggestive of dual pathways (see text), occurs at a coupling interval of 400 msec. Bottom. During coronary sinus stimulation, a jump in A–H intervals occurs at a shorter coupling interval of 350 msec. At coupling intervals from 290 to 340 msec, A–V nodal reentry is induced with the A 2–H2 intervals at the time of induction ranging from 210 to 290 msec. See text for discussion.



By definition, in order to diagnose dual pathways in response to atrial extrastimuli, one must observe an increase of at least 50 msec in the A–H interval with a small (i.e., 10 msec) decrease in the coupling interval of the APD ( 15,16,38,49). Although the jump is usually in the order of 70 to 100 msec, marked increases in the A–H of several hundred milliseconds can be observed ( Fig. 8-11). As mentioned, dual pathways may also be manifested by different P–R or A–H intervals during sinus rhythm or at identical paced rates (see Fig. 8-3). A sudden jump in the A–H during atrial pacing may also be a manifestation of dual A–V pathways. We use a similar beat-to-beat change in the A–H interval of 50 msec during atrial pacing as a marker for dual pathways. A rare manifestation of dual pathways is a double response to an atrial extrastimulus. In such an instance, an atrial extrastimulus can result in conduction down the fast pathway, and if conduction down the slow pathway is sufficiently prolonged, a second response to the ventricle can occur, which may be associated with an atrial echo or sustained A–V nodal reentry ( Fig. 8-12). Rarely, patients can exhibit 1:2 conduction producing a tachycardia during sinus rhythm ( Fig. 8-13). Only a few such patients ever manifest AVNRT. Baker et al. ( 51) suggested that another manifestation of dual A–V nodal pathways is the observation of atrial pacing-induced PR interval exceeding the paced cycle length. This has been noted only in patients with either overt dual pathways or AVNRT.



FIG. 8-11. Magnitude of “critical A–H interval.” All three panels are arranged from top to bottom as leads 1, 2, and V 1, and electrograms from the HRA, proximal (p) and distal (d) CS (CS p, CSd) HBE, and RV. During sinus rhythm, APDs are delivered with increasing prematurity in all three panels. A and B. There is a minimal delay in A–H interval in response to the APD. C. With a small decrement in coupling interval of the APD there is a marked jump in A–H interval to 500 msec with the induction of A–V nodal reentry. In this case, not only was the jump in A–H intervals a remarkable 355 msec, but the critical A–H interval required for A–V nodal reentry was 500 msec. See text for discussion.



FIG. 8-12. Induction of (A–V) nodal reentry with an APD resulting in two ventricular responses. On top are the analog records organized as 1, 2, 3, and V 1, and electrograms from the HRA and HBE. On the bottom is an explanatory electrogram. As seen in the analog tracing, at a coupling interval of 300 msec A 2 results in two responses, one with an A–H interval of 165 msec and the other with an A–H interval of 500 msec. The second complex is followed by the initiation of SVT. An explanation is given in the ladder diagram below. In the ladder diagram the atrium (A), A–V node (AVN), His-Purkinje system (HPS), and ventricle (V) are displayed. Last are the basic drive beats (A 1) and resultant V 1, displayed with A–H and H–V intervals of 95 and 45 msec, respectively. When the APD (A 2) is delivered, it initially conducts down a fast pathway with an A–H interval of 165 msec. The impulse also simultaneously conducts down the slow pathway with a markedly prolonged A–H interval of 500 msec. The impulse then returns up the fast pathway to initiate a run of A–V nodal reentry. Thus, one APD gave rise to two conducted responses over both the fast and slow pathway before initiation of SVT. See text for discussion.



FIG. 8-13. One to two tachycardia. On top are analog records organized as ECG leads I, II, III, and V 1 with intracardiac recordings from HRA, HBE, and RVA. An explanatory ladder diagram is shown below with A=atrium, HB=His bundle, and V=ventricle. Sinus rhythm is present at a cycle length of 632 msecs. Each sinus beat is conducted down both the fast and slow pathway, producing a double response, which results in a tachycardia of 316 msecs.



The site of stimulation can affect the ability to initiate dual pathways and induce A–V nodal reentry. Although Ross et al. ( 52) demonstrated that the site of stimulation may influence the A–H conduction times over the fast and slow pathways, they showed no significant alteration of refractoriness of these pathways or differences in the ease of induction of dual pathways or A–V nodal reentry. However, they noted variability of initiation from either site. Our experience differs slightly. We also have found that the conduction times over the fast and slow pathway may be different during high-right atrial and coronary sinus stimulation. The critical A–V nodal delay (i.e., A–H interval) required to initiate the tachycardia is different depending on the site of stimulation and is almost always shorter from the coronary sinus ( Fig. 8-14 and Fig. 8-15) (53). Whether or not these differences are due to true shortening of A–V nodal conduction time because of differential input into the A–V node—as suggested by Batsford et al. (54) and Aranda et al. (55)—or merely are due to apparent shortening of the A–H interval owing to the alteration of the relationship of the atrial electrogram in the His bundle recording and the true onset of A–V nodal depolarization is unclear. A shorter tachycardia cycle length associated with a shorter A–H at initiation would favor anisotropically based differences in conduction and refractoriness. Both of these mechanisms may play a role in individual patients.



FIG. 8-14. Initiation of A–V nodal reentry from the high-right atrium. From top to bottom are leads 1, aVF, V1, electrograms from the HRA, coronary sinus (CS), HBE, and RV apex. The HRA is being paced at a basic drive cycle length of 600 msec. The A–H interval on the basic drive is 95 msec. A. An A2 delivered at 340 msec is associated with an A–H of 185 msec. B. A small decrement in coupling intervals is associated with a marked jump in the A–H interval to 260 msec but no echo occurs. C. At a coupling interval of 300 msec at a critical A–H of 288 msec, A–V nodal reentry is induced. The retrograde atrial activation sequence begins in the HBE with subsequent activation in the HRA and CS. Compare to Fig. 8-15. T = time line.



FIG. 8-15. Induction of A–V nodal reentry by coronary sinus (CS) stimulation. This figure is from the same patient as in Fig. 8-14. In this figure, stimulation is carried out from the CS at a basic drive cycle length of 600 msec. A. At a coupling interval of 340 msec, the A–H is shorter than in Fig. 8-14A during (HRA) stimulation. B. No jump in A–H intervals occurs at a coupling interval comparable to that in Fig. 8-14B. C. Only at a coupling interval of 300 msec, a jump in the A–H interval occurs. However, here the A–H interval is only 220 msec, yet A–V nodal reentry is induced. Thus, despite the fact that a shorter coupling interval was required to initiate A–V nodal reentry from the CS, the critical A–H not only was shorter than the critical A–H in Fig. 8-14C but was shorter than the A–H interval in (B) in which not even a single A–V nodal echo occurred. See text for discussion.



In contrast to others, we have observed that dual A–V nodal pathways and reentry are easier to induce from the high-right atrium than from the coronary sinus, although in rare cases, induction of SVT can be accomplished only from the coronary sinus. The use of multiple drive cycle lengths, multiple extrastimuli, and rapid pacing make induction only by coronary sinus stimulation rare. Despite using these methods, we have observed induction of A–V nodal reentry by coronary sinus stimulation when high-right atrial stimulation failed in »3% of cases in which we performed both high-right atrial and coronary sinus stimulation ( Fig. 8-16). We agree with Ross et al. (52) that in most cases SVT can be induced with stimulation from both sites, although different coupling intervals or paced cycle lengths may be required (see Fig. 8-14 and Fig. 8-15). We have also observed that the refractory periods of the fast and slow pathways can differ depending on the site of stimulation. In approximately one-third of our patients, the refractory period of the fast pathway is shorter during coronary sinus stimulation than during high-right atrial stimulation (see Fig. 8-10, Fig. 8-14, and Fig. 8-15). Moreover, as noted above, the critical A–H necessary to initiate A–V nodal reentry is greater during high-right atrial stimulation than for stimulation from the coronary sinus ( 53). This observation is compatible with the concept that the left atrial extension of the A–V node is closer to the fast pathway, thus, stimulation from this site allows earlier recovery. Alternatively, it may just be an expression of a different, functionally determined fast pathway based on the site of stimulation. These site-dependent differences in the ability to initiate A–V nodal reentry, as well as differences in the refractory periods of the fast and slow pathways, are likely due to different inputs into the A–V node with its nonuniform anisotropic nature. Although in some circumstances this may result from differences in the functional refractory periods of the atrium at the site of stimulation, the nonuniform anisotropic structure of the A–V node is a more likely explanation. In any case, because of the variability of induction of A–V nodal reentry, it is important to stimulate from both the coronary sinus and the high-right atrium.



FIG. 8-16. Induction of (A–V) nodal reentry by coronary sinus stimulation. A. The closest coupled HRA extrastimulus that conducts through the A–V node is associated with a long A–H (265 msec) but no echo. B. Stimulation from the CS allows achievement of closer coupling intervals, which initiate A–V nodal reentry despite an A–H interval that is shorter than that produced by HRA stimulation (225 msec). CS d = distal CS; CSp = proximal CS; PLRA = posterior low-right atrium.



If single APDs do not result in block in the fast pathway or, if block does occur, but does not result in sufficient A–V nodal delay, then repeated stimulation at shorter drive cycle lengths, which increase A–V nodal refractoriness and prolong conduction of both the fast and slow A–V nodal pathways ( Fig. 8-17), or the use of double extrastimuli (Fig. 8-18) or atrial pacing (see Fig. 8-6) frequently produce the block and delay required to initiate SVT. Most patients (approximately 85%) with typical A–V nodal reentrant SVT exhibit dual A–V nodal pathways in response to single high-right atrial extrastimuli ( 15,16,18,24,27,38). Using multiple-drive cycle lengths and extrastimuli from both the high-right atrium and coronary sinus, as well as rapid atrial pacing, isoproterenol and/or atropine, dual pathways may be observed in »95% of patients with AVNRT. This is similar to the experience of Chen et al. ( 56). Dual pathways in response to APDs may be observed in as many as 25% of patients without SVT. Despite the jump from fast to slow pathway, with very long A–H intervals, these patients never have an atrial echo; hence, one assumes that the major limitation is retrograde conduction over the fast pathway ( Fig. 8-19). The determinants for A–V nodal reentry are discussed later in this chapter.



FIG. 8-17. Use of a decrease in basic cycle length to initiate SVT. A. At a basic cycle length (A 1–A1) of 575 msec, an APD (A2) is delivered at an A 1–A 2 of 315 msec, resulting in an A 2–H2 of 260 msec, which is insufficient to initiate SVT. B. The basic cycle length is reduced to 500 msec by atrial pacing to increase A–V nodal refractoriness, and an A 2 delivered at the same A 1–A2 of 315 msec results in a critical lengthening of A 2–H2 to 325 msec, and SVT ensues.



FIG. 8-18. Use of APDs to initiate SVT. A. An APD (A2) delivered at a coupling interval (A 1–A 2) of 440 msec fails to initiate SVT. B. If A2 is followed by a second APD (A3), enough A–V nodal delay is produced (A 3–H3 = 220 msec) to initiate SVT.



FIG. 8-19. Demonstration of dual pathways with marked A–V nodal conduction delay in the balance of an A–V nodal echo. A, B, andC. From top to bottom leads 1, aVF, and V1 and electrograms from the HBE and HRA. In all three panels, stimulation is from the HRA. The basic paced cycle length (PCL) is at 800 msec. A andB. At 490- and 480-msec coupling intervals, the A 2H2 interval is prolonged to 290 msec without a jump. C. With a 10-msec decrement in A1A2 intervals, however, there is a 155-msec increment in A–H intervals, diagnostic of dual pathways. Despite the marked delay in A–H intervals approximating the A 1A2 interval, no echo occurs. See text for discussion.



Multiple pathways may be observed in as many as 5% of patients. These are characterized by multiple jumps of > 50 msecs with increasingly premature atrial extrastimuli. This is comparable to the data of Tai et al. ( 57). Such patients have AVNRTs with longer cycle lengths and longer ERPs and FRPs of the A–V node. It is not uncommon for multiple AVNRTs with different cycle lengths and P–QRS relationships to be present. In general, the pathways with the longest conduction times are ablated more posteriorly in the triangle of Koch, leading some investigators to assert that these fibers are located more posteriorly ( 56,57). We have found several exceptions to this finding, and believe these findings may be ascribed to anisotropic propagation in a functionally determined circuit. Failure to demonstrate antegrade dual pathways in a patient with typical A–V nodal reentrant SVT in response to atrial extrastimuli is usually due to one of three factors: 1. The refractory periods of the alpha and beta pathways may be similar, and more rapid pacing rates, the introduction of multiple atrial extrastimuli, or drugs such as propranolol, verapamil, or digoxin may be required to dissociate them ( 58,59,60 and 61). An inadequate stimulation protocol is the most common cause for failure of atrial premature stimuli to demonstrate dual pathways. Typically, the use of multiple drive cycle lengths and/or multiple extrastimuli can obviate this problem. As noted, in rare cases, stimulation from one atrial site may be critical in inducing dual pathways and SVT when other sites cannot. 2. The functional refractory period of the atrium limits the prematurity with which APDs will encounter the A–V node, which renders the APD incapable of dissociating fast and slow pathways. This problem can be overcome by either performing stimulation at shorter drive cycle lengths, which decreases the functional refractory period (FRP) of the atrium, allowing shorter A 1–A2 coupling intervals to be achieved and to reach the A–V node; or by the introduction of double APDs, the first of which shortens atrial refractoriness, allowing the second to conduct to the A–V node at an earlier point in time. 3. Block in the fast pathway has already occurred during the basal drive, and thus conduction always proceeds over the slow pathway. In such cases, SVT will develop in the absence of a jump in A–V nodal conduction time but will depend on achieving sufficiently prolonged conduction over the slow pathway to allow recovery of the fast pathway. As noted previously, the A–V nodal reentrant circuit may be reversed so that the fast pathway is used for antegrade conduction and the slow pathway is used for retrograde conduction (fast/slow, atypical, or uncommon form of AVNRT) (18,24,25,26,27 and 28,62). The ECG in patients with this type of tachycardia exhibits a long R–P interval and a short P–R interval (see Fig. 8-2). The nomenclature in this matter is confusing. While many investigators refer to fast/slow and slow/fast forms of AVNRT as signifying PR and RP relationships, others use these terms to relate to the site of earliest retrograde conduction (apex of triangle of Koch = “fast” and base = “slow”) in combination with whether antegrade conduction is fast or slow. I find this latter nomenclature too confusing and it implies that pathways are anatomic structures. Thus, I will refer to AVNRT subtypes based on PR and RP relationships. The ECG in patients with the uncommon (atypical) form of AVNRT exhibits a long R–P interval and a short P–R interval (see Fig. 8-2). Patients characteristically do not have dual A–V nodal pathways in response to APDs or atrial pacing. The tachycardia is initiated with APDs or atrial pacing, producing modest increases of the A–H interval along the fast pathway ( Fig. 8-20 and Fig. 8-21). Block in the slow pathway is concealed during antegrade stimulation because no jump occurs in A–H intervals. The only manifestation of block in the slow pathway is the development of an atrial echo with a long retrograde conduction time producing a long R–P short P–R tachycardia. This type of tachycardia must be distinguished from a posteroseptal concealed bypass tract with A–V nodal-like properties ( 63,64,65 and 66).



FIG. 8-20. Initiation of atypical A–V nodal reentry by atrial pacing. Leads 1, aVF, and V1, and electrograms from the HRA, CS, HBE, and RVA are shown. Atrial pacing at a paced cycle length (PCL) of 400 msec results in a modest increase in the A–H interval. Following cessation of pacing, atypical A–V nodal reentry begins with a long R–P interval following the last paced complex. See text for discussion.



FIG. 8-21. Initiation of an uncommon form of A–V nodal reentrant SVT. An APD (A2) introduced at a coupling interval of 300 msec produces SVT after a modest increase in A–H. Note that antegrade conduction (A–H) is faster than retrograde conduction (H–A) in the reentrant circuit. This phenomenon results in a long R–P interval and a relatively short P–R interval during SVT. The retrograde atrial activation pattern is typical. See text for discussion.



Programmed ventricular premature depolarizations (VPDs) or ventricular pacing can also induce typical A–V nodal SVT, but these techniques are less effective than atrial stimulation. In our experience, one or more forms of ventricular stimulation can initiate SVT in approximately 40% of patients with typical A–V nodal reentry. In almost all of these patients, atrial stimulation can initiate SVT. This is a higher incidence than that found by Sung ( 26) and Wu (24,66), who found ventricular stimulation induced typical A–V nodal reentry in only 10% to 30% of patients. In contrast, atypical A–V nodal reentry is induced almost as frequently from the ventricle as from the atrium. Ventricular pacing is three times more effective than ventricular extrastimuli in initiating typical A–V nodal reentry (Fig. 8-22 and Fig. 8-23). If VPDs can initiate typical AVNRT, rapid ventricular pacing also can. In patients with typical AVNRT, retrograde conduction is usually very good and occurs over the (fast) beta pathway.



Retrograde block to the atrium over the fast pathway rarely occurs in patients with typical AVNRT initiated by ventricular stimulation ( Fig. 8-24), and when it occurs, suggests that the atrium is not required for AVNRT. In either case, ventricular stimulation must produce block in the slow pathway (concealed), conduction up the fast pathway, with subsequent recovery of the slow pathway in time to accept antegrade conduction over it to initiate the ventricular echo and sustained tachycardia. Rapid ventricular pacing can induce concealed block in the slow pathway and SVT more easily than ventricular extrastimuli. With ventricular extrastimuli, the initial site of delay and/or block is in the His-Purkinje system. Even when conduction proceeds retrogradely over the His-Purkinje system, because of delay in the His-Purkinje system, the S1H2 or V1H2 remains constant. As a result, the prematurity with which the impulse reaches the A–V node is fixed (see Chap. 2). Thus, induction of typical A–V nodal reentry by VPDs only succeeds in approximately 10% of patients.



FIG. 8-22. Initiation of typical A–V nodal reentry by ventricular pacing. Leads 2 and V1 are shown with electrograms from the (HRA), posterior low-right atrium (PLRA), HBE, proximal (CSp) and distal (CSd) coronary sinus, and RV. Ventricular pacing at 260 msec is shown on the left with 1:1 conduction up the fast pathway. On cessation of pacing following retrograde conduction up the fast pathway, conduction goes down the slow pathway, leading to typical A–V nodal reentry. Transient infra-His block is observed with resumption of 1:1 conduction with bundle branch block. See text for further discussion.



FIG. 8-23. Initiation of typical A–V nodal reentry by a VPD. Leads 1, aVF and V 1 are shown with electrograms from the HRA, proximal and distal HBE, and RVA. The ventricles are paced at 600 msec, and a ventricular extrastimulus is delivered at 270 msec. This results in a long V–H time with an H 2A2 measured in the HRA of 135 msec. Simultaneously, a bundle branch reentrant complex is seen to occur (see Chap. 2). This relatively rapid retrograde conduction up the fast pathway is followed by antegrade conduction over the slow pathway, with a markedly prolonged A–H interval exceeding 650 msec and slow A–V nodal reentry. Thus, the initiation of A–V nodal reentry by a ventricular extrastimulus was associated with conduction retrogradely up the fast pathway.



FIG. 8-24. Induction of typical AVNRT by ventricular stimulation in the absence of atrial activation. ECG leads 1, 2, 3, and V 1 are shown with recordings from the HRA, distal (d) and proximal (p) HBE, and five bilar pairs from the CS (electrode numbers shown), and RV. A premature ventricular depolarization is delivered at a coupling interval of 230 msec, which initiates typical AVNRT. Note that the VPD, which must go up the fast pathway, blocks to the atrium but still turns around to conduct antegradely down the slow pathway to initiate the tachycardia.



Specific reasons for failure to initiate typical A–V nodal reentry by VPDs include (a) block in the His-Purkinje system; (b) the FRP of the His-Purkinje system exceeds the effective refractory period (ERP) of the slow pathway in the retrograde direction; (c) the ERP of the slow pathway is equal to that of the fast pathway in the retrograde direction; (d) the antegrade slow pathway ERP exceeds the ventricular paced cycle length, therefore it cannot accept an input from the fast pathway at that cycle length; (e) following its engagement from the fast pathway, there is insufficient antegrade delay in the slow pathway to allow the fast pathway to recover; and (f) block in a lower final common pathway in the A–V node (i.e., proximal to the slow and fast pathways in the retrograde direction), which thereby prohibits block in one of these pathways. Pacing at shorter drive cycle lengths may increase the percentage of patients in whom typical A–V nodal reentry can be induced by ventricular stimulation because of shortening the ERP and FRP of the His-Purkinje system. Many of the problems imposed by His-Purkinje refractoriness on induction of typical A–V nodal reentry by ventricular stimulation can be overcome by rapid ventricular pacing, during which the A–V node is the primary site of delay. This explains why rapid pacing is more likely to longitudinally dissociate fast and slow pathways in the A–V node than extrastimuli. The observation that ventricular pacing does not always induce typical A–V nodal SVT is explained in part by the occurrence of repetitive concealment, not block, in the slow pathway, rendering it incapable of antegrade conduction. Block cannot be distinguished from concealment in humans. The specific mechanisms by which ventricular stimulation can induce A–V nodal reentrant SVT follow: 1. The most common method of inducing typical A–V nodal reentry depends on the retrograde refractory period of the alpha pathway exceeding that of the beta pathway. In this instance, VPDs or ventricular pacing induce typical A–V nodal reentry in the absence of the demonstration of retrograde dual pathways. Retrograde conduction proceeds up the fast pathway without prolonged retrograde conduction. Block in the slow pathway is not manifested (i.e., it is concealed) and is only inferred by initiation of the tachycardia. Thus, no critical V–A or H–A interval is required to induce the tachycardia. As mentioned, this is easier to achieve with ventricular pacing than ventricular extrastimuli. An example of the initiation of typical A–V nodal reentry by a VPD conducting up the fast pathway is shown in Figure 8-22. Initiation of a tachycardia by rapid ventricular pacing is shown in Figure 8-23. 2. Interpolated VPDs can result in the production of antegrade dual pathways; that is, retrograde concealed conduction can result in antegrade block in the fast beta pathway and allow slow conduction down the alpha pathway. This produces dual A–V nodal pathway physiology with induction of typical A–V nodal reentrant SVT.



This is far less common than method 1. 3. If the retrograde refractory period of the fast pathway exceeds that of the slow pathway, VPDs or ventricular pacing can produce retrograde dual A–V nodal pathways. This leads to the development of the uncommon type of A–V nodal SVT because initial block in the beta (fast) pathway results in a long retrograde conduction time up the alpha (slow) pathway, which is followed by antegrade conduction down the fast pathway. This is a common mechanism of induction of the atypical form of A–V nodal reentry in the laboratory. As noted, with atypical A–V nodal reentry, ventricular stimulation is equally as likely to initiate the rhythm as atrial stimulation. Occasionally, atypical A–V nodal reentry can be induced by ventricular extrastimuli demonstrating conduction over both the fast and slow pathways in response to the single ventricular extrastimulus ( Fig. 8-25) (42). In Figure 8-25, conduction of S 2 occurs first over the fast, and then over the slow pathway. The H–A interval over the slow pathway at initiation of the tachycardia is much longer than the H–A interval during the tachycardia because of concealment into the slow pathway by the initial conduction over the fast pathway. Ventricular pacing, which readily demonstrates dual pathways during retrograde Wenckebach cycles, is another mode of initiation for this atypical form of A–V nodal reentry ( Fig. 8-26).



FIG. 8-25. Induction of atypical A–V nodal reentry by ventricular stimulation. Leads 1, 2, V1 and electrograms from the HRA, HBE, and the os of the CS are shown During a basic drive of 400 msec (S 1S1), a premature stimulus (S2) is delivered at 340 msec Retrograde His deflections can be seen on both the drive and premature complexes. With 52, the impulse conducts retrogradely up the fast pathway with essentially no delay and also goes up the slow pathway with a markedly prolonged H–A interval to initiate the tachycardia as it returns down the fast pathway. Thus, one ventricular extrastimulus gave rise to two atrial responses, one over the fast pathway and one over the slow pathway, to initiate SVT. Note the CS os is the earliest site of atrial activation. See text for discussion.



FIG. 8-26. Initiation of atypical A–V nodal reentry by ventricular pacing. Leads 1, aVF, and V1 and electrograms from the RVA, HBE, os and distal pair of electrodes from the CS, and RVA are shown. Ventricular pacing is performed at a cycle length of 500 msec. There is progressive delay from A to V (see CS os tracing) until after the sixth stimulus. There is a jump in V–A intervals to 410 msec. When pacing is turned off, atypical A–V nodal reentry is present, having been initiated from the seventh stimulus. Therefore, the eighth stimulus is a fusion between the first beat of atypical A–V nodal reentry and ventricular pacing. Note the CS os is the earliest site of atrial activation.



Determinants for the Induction of Atrioventricular Nodal Reentry Some generalizations can be made regarding the determinants for developing typical A–V nodal reentry. Although dual A–V nodal pathways are required for A–V nodal reentry, they are insufficient. Many patients can demonstrate “dual pathways” but do not have spontaneous or inducible A–V nodal reentry. The most common finding in patients with dual A–V nodal pathways who do not develop SVT is the failure of the impulse to return up the fast pathway once antegrade conduction has proceeded over the slow pathway. There are four possible explanations for this phenomenon: (a) longitudinal dissociation of the A–V node is not really present, but the pattern of conduction of “pseudo-dual” pathways is produced by electrotonic propagation across a nonhomogeneous linear area in the A–V node, as described previously (29); (b) the APD that “blocks” in the fast pathway produces postdepolarization refractoriness (i.e., a manifestation of concealed conduction) resulting in the inability of the fast pathway to recover excitability in time to be reexcited; conduction down the slow pathway is insufficiently slow to allow the fast pathway to recover; (c) the fast pathway has a long retrograde refractory period, which renders it incapable of retrograde conduction despite slow antegrade conduction of the slow pathway; (d) there is no distal connection between the fast and slow pathways. Based on our data and that of others ( 67) the most common reason for failure to induce typical AVNRT in patients with antegrade dual pathways is that the fast pathway is incapable of rapid retrograde conduction. This can be evaluated by using the maximum rates of 1:1 antegrade and retrograde conduction as indices of antegrade slow pathway refractoriness and retrograde fast pathway refractoriness. Denes et al. ( 67) first analyzed fast and slow pathway properties in detail and clearly showed that the ability to induce typical A–V nodal reentry required 1:1 V–A conduction. Absence of induction of typical A–V nodal reentry in patients with antegrade dual pathways was associated with either no V–A conduction or V–A Wenckebach at relatively long drive cycle lengths ( 58). To induce typical A–V nodal reentry, 1:1 V–A conduction must be maintained at paced cycle lengths of less than 400 msec. Although retrograde fast-pathway characteristics determine if reentry can occur, slow-pathway conduction time determines when it will occur. Thus, the “critical A–H” concept depends on fast-pathway recovery at a given A 1–H2 interval. When echoes do not occur as soon as the impulse blocks in the fast pathway and goes down the slow pathway, concealed conduction into the fast pathway by A 2 may be present, requiring a critical A–H for recovery. This can mimic a primary impairment of V–A fast-pathway conduction as the determinant of reentry. One can recognize the likely presence of concealment if the A–H interval not producing an echo exceeds the shortest cycle length of 1:1 retrograde conduction up the fast pathway. Although an isolated A–V nodal echo can occur as long as V–A conduction is present, the ability to initiate sustained SVT also requires the capability of the slow pathway to sustain repetitive antegrade conduction. Denes et al. ( 67) found that sustained, typical A–V nodal reentry was initiated only if the slow pathway maintained 1:1 antegrade conduction at cycle lengths less than 350 msec. Patients who only had single A–V nodal echoes in response to APDs usually developed antegrade Wenckebach in the slow pathway at relatively long cycle lengths. Thus, the ability to initiate sustained SVT depends on the balance of a retrograde fast pathway conduction and antegrade slow-pathway conduction. Retrograde fast-pathway conduction appears to be the major determinant of the ability to initiate isolated A–V nodal echoes and/or sustained SVT. This is further supported by the fact that there is no difference in maximal A–H intervals during slow-pathway conduction in patients with and without echoes or SVT. The ability to initiate A–V nodal echoes by APDs thus depends primarily on the capability of V–A conduction over the fast pathway. This has been our experience almost universally. It is therefore obvious that patients with retrograde dual pathways will have a low incidence of sustained typical A–V nodal reentry, because the presence of dual pathways suggests relatively poor retrograde conduction over the fast pathway. Thus, even if 1:1 V–A conduction is present at cycle lengths of less than 400 msec, A–V nodal reentry usually occurs only in patients in whom retrograde conduction is maintained over the fast pathway. In an analysis of retrograde dual A–V nodal pathways, Strasberg et al. ( 68) found that they could induce typical A–V nodal reentry in approximately 20% of patients presenting with retrograde dual A–V nodal pathways. In those cases, retrograde dual pathways (i.e., block in the retrograde fast pathway) occurred at relatively short coupling intervals or short paced



cycle lengths. In our experience, only 5% of patients with retrograde dual A–V nodal pathways will develop typical A–V nodal reentry in the baseline state. We have found the use of atropine or isoproterenol, which shortens the retrograde refractory period of the fast pathway and improve retrograde fast-pathway conduction, increases the number of patients with retrograde dual pathways in the control state in whom sustained typical A–V nodal reentry can be induced by APDs to 20%. Others have found a slightly higher incidence ( 67,68,69 and 70). In our patients, facilitation of induction of typical A–V nodal reentry depended on improving V–A conduction such that 1:1 V–A conduction over the fast pathway at cycle lengths of 425 msec or less was achieved in all patients in whom typical A–V nodal reentry could be induced. Thus, the markers that are predictive of a low likelihood of inducibility of typical A–V nodal reentry are (a) no V–A conduction, (b) V–A conduction worse than A–V conduction with retrograde Wenckebach at long cycle lengths (500 msec or more), and (c) retrograde dual pathways. The A–H interval may be a useful marker in predicting the capability of rapid V–A conduction. In our experience, as well as that of Bauernfeind et al. ( 71), the shorter the A–H interval, the better the V–A conduction. In fact, the shorter the A–H interval, the shorter the antegrade refractory period of the fast pathway, the shorter the cycle length at which block is produced in the fast pathway, and the shorter the cycle length at which 1:1 V–A conduction is maintained. In addition, although overlap existed, Bauernfeind et al. (71) found statistically significant relationships between retrograde H–A intervals and antegrade A–H intervals, shorter cycle lengths maintaining 1:1 V–A conduction and A–H interval, and a higher incidence of inducible SVT in patients with short A–H intervals and dual pathways than in those with longer A–H intervals and dual pathways (64). These findings provide a potential explanation for the high incidence of SVT in patients with short P–R intervals giving rise to the so-called Lown-Ganong-Levine syndrome. It is of interest that Akhtar ( 18) also found that the shortest cycle length of typical A–V nodal SVT correlated best with the shortest cycle length of 1:1 V–A conduction, a finding that correlates with a short A–H interval. We, however, have found that the cycle length of SVT is more closely related to conduction down the slow pathway than the A–H interval in sinus rhythm or the H–A during SVT ( 72). Although in patients more than 45 years old the H–A interval and cycle lengths are longer than in patients less than 45, the absolute duration of the A–H is more closely related to the AVNRT cycle length than to the H–A interval (72). Spontaneous or pharmacologic-mediated changes in SVT cycle lengths are also more closely associated with changes in slow-pathway conduction. Our findings, which appear to contradict those of Akhtar ( 18), grew out of a study examining a different aspect of A–V nodal reentry than Akhtar's study. He was trying to determine the limiting factor for tachycardia rate while we were analyzing factors controlling the tachycardia rate. Spontaneous termination of typical A–V nodal reentry can occur by either retrograde block in the fast pathway or antegrade block in the slow pathway. Although it is not always possible to predict which pathway will be the major limiting factor in maintaining A–V nodal reentry in an individual patient, a short P–R interval suggests that the fast pathway is unlikely to be the site of block. In addition, the direction (i.e., A–V or V–A) at which conduction fails at the longest cycle length provides a reasonable, but not absolute, marker for induction of spontaneous block. Little data exist for the determinants of induction of atypical A–V nodal reentry because it is such an uncommon arrhythmia. It is our impression that retrograde slow pathway conduction is the major determinant inducing this arrhythmia. Antegrade fast pathway conduction is usually rapid enough and refractoriness is short enough to accept and conduct antegradely the impulse that has conducted retrogradely over the slow pathway. Thus, the development of atypical A–V nodal reentry is determined primarily by the ability to demonstrate retrograde dual pathways and by developing slow enough conduction retrogradely over the slow pathway because the fast pathway almost always can return the impulse toward the ventricle. Atrial Activation Sequence and the P–QRS Relationship During Supraventricular Tachycardia The sequence of retrograde atrial activation during typical A–V nodal reentrant tachycardia is more complex than previously believed. While early studies suggested that the initial site of retrograde atrial activation during typical AVNRT is recorded in the His bundle electrogram ( 16,18,73,74 and 75), more detailed mapping [Using a decapolar catheter with 2 mm interelectrode distance to record the His bundle (distal pair) and electrograms along the tendon of Todaro, a deflectable quadripolar catheter (2-5-2 mm inter-electrode distance) at the base of the triangle of Koch (area between the os of the coronary sinus and tricuspid annulus), and a decapolar catheter (5 mm interelectrode distance) in the coronary sinus with the proximal pair placed 1–2 cm inside the os ( Fig. 8-27) (76,77).] of the triangle of Koch and coronary sinus shows marked heterogeneity in the pattern of activation ( 76,77). Patterns were described along the tendon of Todaro as sequential or broad and throughout the triangle of Koch and coronary sinus as having single or multiple breakthrough sites ( Fig. 8-28). Multiple breakthroughs were considered to be present when two or more activation times along the His bundle catheter within 5 msecs of each other were separated by two later sites, or when one or more sites on the His bundle catheter and any other catheter (i.e., slow pathway or coronary sinus) occurred within 5 msecs of each other. VPDs were introduced when necessary to accurately measure the atrial activation sequence. Examples of heterogeneous atrial activation during AVNRT are shown in Figure 8-29, Figure 8-30, and Figure 8-31. In nearly 50% of patients a secondary breakthrough in the coronary sinus was observed ( Fig. 8-29); i.e., an electrogram within the coronary sinus was bounded by sites with later electrograms (78). Similar findings were observed, but not commented upon by McGuire et al. ( 79). Activation during AVNRT and ventricular pacing were discordant qualitatively and/or quantitatively in 60% of patients ( Fig. 8-32). Similar heterogeneity was seen during atypical AVNRT although earliest activation tended to be at the base of the triangle of Koch or in the coronary sinus ( Fig. 8-33) (76,77 and 78). Multiple breakthroughs are a useful discriminator of AVNRT from atrial tachycardia or circus movement tachycardia using a bypass tract. The activation patterns also have an important implication as to the role of the atrium in AVNRT (see discussion below). From these heterogeneous activation patterns, the wave of atrial activation subsequently spreads cephalad and laterally to depolarize the remainder of the right and left atria. These findings suggest that retrograde activation during SVT spreads radially after leaving the A–V node. Of note, studies by Ross et al. (80), using intraoperative mapping, demonstrated a relationship of the earliest site of atrial activation to the retrograde H–A interval. In general, the shorter the H–A interval, the more likely the earliest atrial activation is recorded in the His bundle electrograms. As the H–A interval prolongs, the earliest activation moves closer to the base of the triangle of Koch or in the coronary sinus. On the surface ECG the narrowest P waves are seen when atrial activation begins at the apex of the triangle of Koch. In our experience 7% of AVNRTs have earliest atrial activation recorded in the coronary sinus, suggesting actrial activation via the left atrial extension of the AV node (Fig. 8-34 and Fig. 8-35). All of these patients were successfully ablated from the right side suggesting that the left atrial activation is an epiphenom.



FIG. 8-27. Schematic of recording sites relative to the triangle of Koch in the right anterior oblique view. Five bipolar recordings along the tendon of Todaro are obtained from the His bundle catheter, five from the CS (proximal pole just inside the os). One or two recordings are also obtained at the posterior triangle of Koch at the “slow pathway” area.



FIG. 8-28. Patterns of retrograde atrial activation. Top. Definition of patterns of activation along the His bundle catheter. Sequential is defined by spread away from a focal early site of activation. Broad is defined by simultaneous (within 5 msec) activation of three or more adjacent sites. Bottom. Definitions of activation of the entire triangle of Koch. Left and middle show multiple breakthrough patterns (two or more separate sites activated within 5 msec) or a single breakthrough (one early site at any location). See text for discussion. (From: Anselme F, Fredericks J, Papageorgiou P, et al. Nonuniform anisotropy is responsible for age-related slowing of



atrioventricular nodal reentrant tachycardia. J Cardiovasc Electrophysiol 1996;7:1145–5378.)



FIG. 8-29. Example of single breakthrough with sequential activation. Surface leads 2 and V 1 are shown with intracardiac electrograms from the HRA, HBE (5 sites), slow pathway (SP), and proximal CS during AVNRT. A VPD delivered from the RVOT allows visualization of atrial activation. The earliest site is at the HBEd with sequential spread along the HBE recordings and later activation of the SP and CSp. See text for discussion.



FIG. 8-30. Example of single breakthrough with a broad wave of activation along the HBE. The figure is organized similar to Fig. 8-29 with one additional SP recording and five CS recordings. A VPD allows visualization of atrial activation. Note that ealiest activation occurs along the HBE, at which there is near simultaneous activation of all 5 poles (broad pattern), following which the rest of the triangle of Koch is activated. See text for further discussion.



FIG. 8-31. Example of multiple breakthroughs and a broad wavefront of activation along the HBE. The figure is organized similar to Fig. 8-30. AVNRT with a LBBB is present. Atrial activation is easily seen because of the long HV interval. Note that atrial activation begins simultaneously along the HBE (poles HBE d, 2, 3 are nearly simultaneous, i.e., broad pattern) and at the SPd. Thus the apex and base of the triangle of Koch demonstrate multiple breakthroughs. See text for further discussion.



FIG. 8-32. Discordant atrial activation between ventricular pacing and typical AVNRT. The figure is organized as in Fig. 8-29. On the left during typical AVNRT 2 VPDs expose atrial activation, which demonstrates a single breakthrough at the HBE with a broad pattern of HBE activation. During ventricular pacing on the right, atrial activation is single and sequential. The difference in activation is readily apparent. See text for discussion.



FIG. 8-33. Discordant atrial activation between atypical AVNRT and ventricular pacing. Leads 1, 2, 3, and V1 are shown with recordings from the tip of the right atrial appendage (RAA), proximal RAA, junction of RAA, and superor vena cava (RAA SVC), the right atrium (RA) adjacent to the SVC, and standard recordings from the HBE, CS, and SP. Panel A. During atypical AVNRT there are multiple breakthroughs with simultaneous activation of HBEd and HBE2 (focal, sequential) and the SP.



Panel B. During ventricular pacing multiple breakthroughs are present, but there is a broad wavefront along the HBE (HBEd–HBE4 nearly simultaneous). The SP and the CS os and CS4 are also simultaneously activated. See text for further discussion.



FIG. 8-34. Typical AVNRT with earliest atrial activation in the CS. This figure is organized similar to Fig. 8-31. Typical AVNRT with a RBBB is present. Earliest atrial activation is noted at CS 3. See text for discussion.



FIG. 8-35. Atypical AVNRT with earliest atrial activation in the CS. Atypical AVNRT is present. Earliest atrial activation occurs at CS 3 ( arrow). See text for further discussion.



The relationship of atrial activation to the QRS complex is extremely important from a diagnostic standpoint. In approximately 70% of the cases of typical A–V nodal reentrant SVT, the onset of atrial activation (i.e., earliest intracardiac atrial electrogram) appears before or at the onset of the QRS complex. The P wave sometimes begins so early that it gives the appearance of a Q wave in the inferior leads. This is most likely to occur when there is delay between the reentrant circuit and the ventricles. This is most frequent during H–V prolongation ( Fig. 8-36). This “pseudo-Q wave” is a rare, but relatively specific, finding for A–V nodal reentry. The presence of atrial activation appearing at or immediately before the onset of the QRS during SVT excludes the possibility of a concealed atrioventricular bypass tract (see following discussion of concealed bypass tracts). The rapid retrograde atrial activation occurs because, as discussed previously, the retrograde limb of the reentrant circuit is the fast beta pathway. In approximately 25% of the tachycardias, atrial activation begins just within the QRS. In 95% of patients, either no discrete P waves are noted on the surface electrocardiogram (40%), or the terminal part of the QRS is slightly distorted, possibly appearing as a “pseudo-S wave” in the inferior leads, a “pseudo-R'” in V 1, or a nonspecific terminal notching (57%). In the remaining patients, the P wave may be seen just after the end of the QRS. Intra-atrial conduction delays can alter the duration of atrial activation so that completion of atrial activation occurs slightly after termination of the QRS. In those patients in whom the P wave distorts the terminal QRS or appears at the end of the QRS, one must distinguish this tachycardia from the circus movement tachycardias using concealed bypass tracts (see following discussion of concealed bypass tracts). Because completion of atrial activation arising in the midline usually requires at least 50 msec, the appearance of atrial activity as a terminal notch in the QRS, representing the end part of the P wave, suggests that atrial activation begins within the QRS and makes a bypass tract less likely. Sometimes, however, this is hard to distinguish from a bypass tract. In such cases atrial mapping as well as a variety of different responses to ventricular stimulation can help determine whether a bypass tract or atrial tachycardia is present (see following discussion of concealed bypass tracts and atrial tachycardia).



FIG. 8-36. Atrial activation beginning prior to the QRS producing a pseudo-Q wave during typical AVNRT. The figure is organized similar to Fig. 8-31. Typical AVNRT with a LBBB is present. The HV interval is prolonged (75 msec) so that atrial activation begins well before the QRS giving rise to a pseudo-Q wave in lead 2. See text for discussion.



In patients who have the atypical form of A–V nodal reentry, the R–P interval is long because retrograde conduction proceeds over the slow pathway. Thus, the R–P/P–R ratio is greater than 1 (long R–P tachycardia). This pattern is extremely uncommon, representing perhaps only 5% of the instances of A–V nodal reentry in the absence of a prior ablation. The atypical form of A–V nodal reentry is often confused with an incessant form of tachycardia caused by a slowly conducting, concealed posteroseptal atrioventricular bypass tract ( 63,64 and 65). Atypical A–V nodal reentry is more often a paroxysmal arrhythmia, while tachycardias using slowly conducting bypass tracts are frequently incessant and difficult to treat. Occasionally, atrial tachycardias arising in the low intra-atrial septum can be confused with SVT from a slowly conducting posteroseptal bypass tract or atypical A–V nodal reentry. Methods to distinguish these arrhythmias are discussed later in this chapter. The R–P intervals discussed above are in the absence of prior catheter ablation. We have noted a greater incidence of atypical R–P relationships and multiple tachycardias in patients postablation. Effect of Bundle Branch Block During Atrioventricular Nodal Reentrant Supraventricular Tachycardia Bundle branch block is produced by alterations in His-Purkinje conduction and/or refractoriness and therefore should not modify a reentrant process localized to the A–V node. If the turnaround site of the reentrant circuit incorporated one of the bundle branches, then bundle branch block or impaired conduction in that proximal bundle branch could alter the tachycardia. The development of prolonged aberration during A–V nodal reentry is very uncommon. Of 500 consecutively studied patients with A–V nodal reentrant SVT, only 27 developed sustained bundle branch block following induction by APDs; 14 of these had right bundle branch block, and



13 had left bundle branch block. An additional 49 developed greater than 5 consecutive complexes manifesting bundle branch block either following induction by ventricular stimulation (14 patients) or, more commonly, following resumption of 1:1 conduction to the ventricles after a period of block below the tachycardia circuit (35/72 patients; see following discussion entitled “ Requirement of the Atrium and Ventricle”). All 72 of the patients manifesting block below the tachycardia circuit manifested transient aberrant complexes before normalization of the QRS. In no patient was the AVNRT cycle length (A–A) or H–H interval influenced by the appearance of bundle branch block. At the onset of bundle branch block, if the H–V interval is prolonged, an increase in the V–V interval equal to the increment in the H–V interval can occur; however, the following V–V time would be shortened by the same amount. During this transition, the A–A and H–H intervals generally remain constant, although if aberration occurs at the onset of the tachycardia, some oscillation of all electrograms can be observed, with some slight slowing prior to resumption of 1:1 conduction. Thus, it is safest to analyze the effects of bundle branch block after induction of the arrhythmia when the tachycardia is stabilized. During the tachycardia, the introduction of VPDs also may occasionally produce transient bundle branch block (usually left bundle branch block) by retrograde concealment into the bundle branches and/or by rendering the local ventricular myocardium refractory to antegrade depolarization. As in the spontaneously observed appearance of bundle branch block, no change in the A–A or H–H interval results. Whenever the H–V interval prolongs with the development of bundle branch block, the V–V interval also prolongs for one cycle, as mentioned. In this instance, however, because the circuit is not influenced, the A–A interval remains constant and the atrial electrogram, and even the P wave, can be seen before the QRS. The lack of influence of bundle branch block on A–V nodal reentrant SVT is in contrast to patients with SVTs incorporating free wall bypass tracts (see following discussion). An example of the failure of bundle branch block to influence the tachycardia cycle length is shown in Figure 8-37. In this instance, after a period of left bundle branch block, A–V conduction normalizes. No change in the A–A or V–V intervals occurs during the stable portion of each pattern of ventricular activation.



FIG. 8-37. The lack of effect of bundle branch block on (A–V) nodal reentry. (The figure is arranged as Fig. 8-22.) A–V nodal reentry is present at a cycle length of 315 msec. In the left half of the panel, left bundle branch block is present, and on the right, the QRS is normalized. Between the transition is a complex of intermittent configuration. Left bundle branch block does not alter the atrial or ventricular cycle lengths of A–V nodal reentry. The loss of left bundle branch block via a transitional complex suggests it is due to phase 3 block. Note the normal retrograde activation sequence being earliest in the HBE with subsequent spread to the CS, HRA, and posterior low-right atrium (PLRA).



Requirement of the Atrium and Ventricle One of the issues that remains controversial is whether or not the reentrant circuit in A–V nodal reentry is entirely intranodal, including initial and final common pathways, or whether some component of the atrium or His bundle is required ( Fig. 8-38). The presence of 1:1 conduction at rapid rates with a short V–A interval, a short H–A interval that remains relatively fixed during SVT, and results of surgical interventions suggest to some that the reentrant circuit involves tissue above and below the A–V node (80,81). Results of catheter modification of the A–V node have also been interpreted similarly (see Chap. 15). Succesful ablation of the “fast” pathway at the apex and “slow” pathway at the base of the triangle of Koch has suggested an anatomic construct in which the impulse goes from the fast pathway to the septal atrium, followed by sequential atrial activation to the slow pathway through which the AV node is engaged. Pathologic specimens demonstrating radio frequency induced lesions not involving the compact node (no known extent of physiological influences) have been used to further support this construct. Still other investigators have taken the relative ease with which AVNRT can be reset from the base of the triangle of Koch as evidence of atrial participation in the circuit ( 46). I believe all of these findings do not prove the requirement of the atrium, but only suggest that the circuit has dimension and/or has different inputs and outputs that are determined by the anisotropic nature of the compact node, its extensions, and the transitional fibers that can be more or less easily engaged depending on the site of stimulation.



FIG. 8-38. Schema of A–V nodal reentry with upper and lower final common pathways. The presence and extent of upper and lower final common pathways (stippled areas) must be demonstrated by specific responses to programmed stimulation or the presence of A–V or V–A block with maintenance of the tachycardia. See text for discussion.



I believe that the bulk of the evidence, both experimentally and clinically, suggests that, in most patients, AVNRT is a subatrial reentrant circuit based on the anisotropic properties of the A–V node and transitional tissue ( 41,77,82,83,84,85,86,87,88 and 89,90,91). These data, which come from observations during spontaneous SVT, at the time of induction of SVT, and response to stimulation during SVT are discussed in the following paragraphs and are summarized in Table 8-3. They include (a) initiation of AVNRT in the absence of an atrial echo; (b) maintenance of AVNRT in the presence of either a changing V–A relationship, 2:1 retrograde or ventriculoatrial block and/or A–V dissociation; (c) depolarization of the atrium surrounding the A–V node without influencing the tachycardia; (d) resetting AVNRT without atrial activation; (e) heterogeneous atrial activation during AVNRT incompatible with atrial participation; and (f) atrial pacing and entrainment of AVNRT with a longer A–H than during the tachycardia entrainment suggesting that little if any of the atrium is required.



TABLE 8-3. AVNRT: Evidence That the Atrium Is Not Necessary



Requirement of the Atrium in AVNRT Initiation of AVNRT in the absence of atrial activation most frequently occurs during ventricular stimulation ( Fig. 8-39). In virtually all of these cases the initial retrograde H to antegrade H interval was longer than the subsequent H–H intervals, and the tachycardia cycle lengths were relatively long (i.e., > 400 msecs). As ventricular coupling intervals were decreased, the initial retrograde H (when observed) to antegrade H interval increased. While absence of atrial activation at the initiation of AVNRT is an uncommon observation, it will be missed if ventricular stimulation is not routinely performed. Less commonly this can be observed during atrial stimulation or following atrial flutter or fibrillation. The preceding findings were made only during typical A–V nodal reentry The occurrence of the ventricular echoes during atrial fibrillation, a well-recognized phenomenon, suggests that the atrium is also not required for atypical A–V nodal reentry.



FIG. 8-39. Initiation of AVNRT in the absence of atrial activation. ECG leads 2, 3, V 1, and V6 are shown with electrograms from the HRA, HBE, and RVA. In both panels VPDs are delivered during a paced cycle length of 600 msec. Top. A VPD delivered at a coupling interval of 340 msec initiates AVNRT without depolarizing the atrium over the fast pathway. The AVNRT begins after an AV delay of 440 msec. Bottom. When a VPD is delivered at a coupling interval of 320 msec, AVNRT is induced without atrial activation but the first interval is increased to 480 msec. See text for discussion.



Retrograde block to the atrium during AVNRT is rare (12/821 of our cases) but has been reported ( 83,84,85 and 86,88,91,92). AVNRT with 2:1 block to the atrium with resumption of 1:1 conduction and acceleration of the AVNRT following atropine is shown in Figure 8-40. An example of A–V nodal reentry with both 2:1 block and Wenckebach to the atrium is shown in Figure 8-41. Spontaneous AVNRT with A–V dissociation and intermittent capture is shown in Figure 8-42. Adenosine-induced V–A block and A–V dissociation during AVNRT is shown in Figure 8-43. Two other related phenomena support lack of atrial requirement for AVNRT. First is the very common observation at the onset of AVNRT of changing V–A relationships with minimal or no change in tachycardia cycle length. This suggests that atrial activation is determined by the functional output to the atrium from the tachycardia, and not causally related to it. The finding of multiple tachycardias with identical retrograde atrial activation sequences and cycle lengths but different V–A relationships further supports the hypothesis that atrial activation is an epiphenomenon of AVNRT and is functionally determined by nodo-atrial coupling and the anisotropic nature of the subatrial nodal structures ( Fig. 8-44).



FIG. 8-40. Typical AVNRT with two to one V–A block. Top. Typical AVNRT is present with 2:1 V–A block at a cycle length of 590 msec. Note the relatively long V–A interval of the complexes associated with atrial activity. Bottom. Following atropine, the AVNRT speeds up to 360 msec and 1:1 conduction resumes with a shorter V–A interval. This can only be explained by retrograde V–A block localized to the AV node. See text for discussion.



FIG. 8-41. A–V nodal reentry with retrograde block to the atrium. Leads 1, aVF, and V1 are shown with electrograms from the HRA, HBE, and RVA. A–V nodal reentry is present, which eventually terminates (right-hand side of tracing). During the first seven complexes of A–V nodal reentry, 2:1 retrograde block to the atrium is present. On a subsequent complex, conduction suddenly appears with delay toward the atrium and then reverts back to 2:1 conduction. The lack of atrial requirement during the tachycardia suggests an upper final common pathway is present. See text for discussion.



FIG. 8-42. A–V dissociation during A–V nodal reentry. Leads 1, aVF, and V1 are shown with electrograms from the HRA and HBE during A–V nodal reentry. A–V dissociation is present, and every other sinus complex penetrates the reentrant circuit, leading to an advancement of the subsequent QRS (QRS 1, 4, 7, 10, and 13). See text for discussion.



FIG. 8-43. Persistence of AVNRT despite adenosine induced V–A block. Leads 1, aVF, V 1, and V6 are shown with electrograms from the HRA proximal, mid, and distal His bundle, and RVA. Following 6 mg of adenosine AVNRT continues in the presence of A–V dissociation. See text for discussion.



FIG. 8-44. AVNRT with two different V–A intervals and the same cycle length. ECG leads 1, and V 1 are shown with electrograms from the HRA, HBE, distal (d) and proximal (p) right atrial (RA) rove, distal and proximal left atrium (Lad, Lap), CSp, CSm, CSd, and RVA. Two SVTs proven to be AVNRT have identical cycle lengths and atrial activation sequences. See text for discussion.



Responses to Stimulation During AVNRT— Role in Defining Atrial and Subnodal Participation During A–V nodal reentrant SVT, APDs can produce several responses ( Fig. 8-45). Relatively late APDs fail to alter the cycle length of SVT; therefore, full compensatory pauses result (Fig. 8-45A) because of the inability of the atrial stimulus to depolarize the entire atria to reach the A–V node or, if the atria are depolarized, failure to penetrate the reentrant circuit. The ability to depolarize the atria, specifically, the atrial tissue surrounding A–V node (i.e., the atrium recorded at the His bundle electrogram and at the os and within the coronary sinus), without affecting the tachycardia provides evidence that the atria are not a necessary link in the reentrant circuit (Fig. 8-46). Demonstration of premature excitation of all the recordable atrial tissue around the A–V node is imperative (i.e., the atrial electrograms at the os and within the CS, and the HBE), because these are the areas where earliest activity is recorded during mapping of SVT in the laboratory ( 24,25 and 26,77,78) or intraoperatively (88). Because a noncompensatory pause may reflect delay in the slow pathway, which exactly compensates for the prematurity of the atrial extrastimulus (an unlikely but theoretically possible event), the investigation should attempt to demonstrate this response over a range of coupling intervals of ³ 30 msecs to ensure that the APD has not entered the node and fortuitously increased the A–H interval to produce a fully compensatory pause. If possible, stimulation should be performed from both the high-right atrium and os of the coronary sinus because stimulation at both those sites yields different A–H intervals, as mentioned earlier. If the same fully compensatory response occurs from stimulation at both sites, it is unlikely that compensatory A–H delay is responsible. This is clearly demonstrated in Figure 8-46. The same phenomenon can occasionally be seen using double extrastimuli ( Fig. 8-47), a situation that makes compensatory A–V nodal delays even more unlikely. The demonstration of this phenomenon may even be observed during atrial pacing or atrial fibrillation or flutter. This can be seen in Figure 8-48 in which the first two beats of AVNRT are unaffected by atrial flutter/fibrillation. The third QRS is advanced by » 20 msec and AVNRT resumes without requiring an atrial echo (see prior discussion). It is important for the investigator to recognize that recordings from the os and within the coronary sinus as well as the His bundle electrogram are necessary to demonstrate local atrial capture around the A–V node. The demonstration of a full compensatory pause after the introduction of an APD does not prove the atrium is unnecessary unless it can be shown that the atrial tissue surrounding the A–V node is captured before it would have been depolarized by spontaneously occurring atrial echoes without altering the arrhythmia. Although, theoretically, a protected, nonrecordable bridge of atrial tissue could be involved in the circuit, entrance block to the area would be required to prevent its depolarization by APDs, and exit block would be required to prevent recording an atrial electrogram. Since the atria are normal in the vast majority of patients with AVNRT, and the APDs are delivered at intervals in excess of local atrial refractory periods, this is hardly conceivable.



FIG. 8-45. Response to APDs during SVT A. Late APDs find the reentrant circuit refractory and therefore cannot penetrate it, resulting in a full compensatory pause. B. Earlier APDs penetrate the reentrant circuit and conduct down the slow (alpha) pathway while colliding with a circulating wavefront in the fast (beta) pathway. This



resets the SVT. C. Very early APDs encounter a refractory alpha pathway and collide with circulating wavefront in the beta pathway, terminating the arrhythmia. See text for further discussion.



FIG. 8-46. Lack of atrial requirement during A–V nodal reentrant SVT. SVT is present at a cycle length of 370 msec. A. An APD (Ap) is introduced from the HRA, resulting in premature depolarization of the atrial recorded in the HRA, CS, and HBE by 130, 70, and 100 msec, respectively, without affecting the tachycardia. B. Similarly, an APD (A p) is introduced from the proximal CS near the os, resulting in premature depolarization of the atria recorded in the HRA, CS, and HBE by 55, 120, and 60 msec, respectively, without affecting the tachycardia See text for discussion. (Adapted from: Josephson ME, Kastor JA. Paroxysmal supraventricular tachycardias: Is the atrium a necessary link? Circ 1976;54:430.)



FIG. 8-47. Capture of atrial tissue surrounding the A–V node by two atrial extrastimuli without influencing A–V nodal reentry. Leads 1, aVF, and V1 are shown with electrograms from the os of the CS, HBE, RVA and right ventricular outflow tract (RVOT). A–V nodal reentry is present at a cycle length of 315 msec. Following the third QRS complex, two atrial extrastimuli are delivered from the low atrium (not shown) at coupling intervals of 275 and 240 msec. The second extrastimulus clearly captures the atrial electrogram at the os of the CS and at the His bundle recording nearly 15 msec before the time they would have been depolarized during the tachycardia without influencing the tachycardia cycle length. See text for discussion.



FIG. 8-48. Atrial flutter during AVNRT. ECG leads I, II, III, V1, and V6 and electrograms from the HRA, distal (1-2), mid (2-3), and proximal (3-4) HBE, mid (3-4) CS, RVA, and distal (1-2) RV ROVE. Atrial flutter is transiently present during AVNRT. The first three flutter cycles do not influence AVNRT but the fourth rests the AVNRT, which continues in the absence of atrial activation ( arrow) on the first return cycle. See text for discussion.



Another observation suggesting that the upper common pathway is located within the node is the ability of an APD to retard the subsequent atrial echo without influencing the tachycardia (i.e., H–H interval). Hariman et al. ( 87) demonstrated that this phenomenon was most likely due to the APD producing concealed conduction into the A–V node above the dual pathways so that, when the impulse returned up the fast pathway, the upper final common pathway had not recovered excitability completely, and retrograde nodal-atrial conduction was delayed. Earlier APDs frequently penetrate the reentrant circuit and reset it ( Fig. 8-44B). Depending on how slowly the APD is conducted down the antegrade limb of the reentrant circuit, less or greater than compensatory pauses can result. On occasion, an APD can produce such marked conduction delay in the slow pathway antegradely, or in a lower common pathway, that a greater than compensatory pause results. If an APD produces a long enough pause, spontaneous sinus P waves that depolarize the atrial tissue surrounding the A–V node can occur (i.e., in the HBE and the os and/or within the coronary sinus), confirming a subatrial site of the reentrant circuit (Fig. 8-49). In addition, one or two atrial extrastimuli can produce delay in a lower final common pathway, which can be recognized by a shift in the relationship of the retrograde atrial activation and the His bundle deflection. Delay in the lower common pathway (see subsequent discussion) causes delay of the impulse reaching the His bundle without influencing the return to the atrium through the fast pathway. This results in atrial activation preceding the His deflection ( Fig. 8-50) during the tachycardia instead of following the His bundle deflection, as it normally does. Continuous resetting of the A–V nodal reentrant tachycardia by atrial pacing has been reported by Portillo et al. ( 85). These investigators demonstrated that, although the tachycardia could be reset, rapid pacing could produce A–V dissociation and/or 2:1 nodo-atrial block during the SVT, both of which further support a subatrial origin of the tachycardia ( 85).



FIG. 8-49. Production of A–V dissociation during A–V nodal reentrant SVT. SVT is present at a cycle length of 370 msec. After the second QRS complex, an APD (A p) is introduced at a coupling interval of 175 msec, which penetrates the reentrant circuit, producing a long pause. A spontaneous sinus P wave (A s, arrow) depolarizes all recorded atrial tissue before the time the spontaneous atrial echo would have occurred, resulting in A–V dissociation without terminating SVT. The HBE has moved slightly into the right atrium, and no His bundle deflections are recorded. (Adapted from: Josephson ME, Scharf DL, Kastor JA, Kitchen JC III. Atrial endocardial activation in man. Electrode catheter technique for endocardial mapping. Am J Cardiol 1977;39:972.)



FIG. 8-50. Atrial extrastimuli producing delay in the lower final common pathway during A–V nodal reentry. Leads 1, aVF, and V1 are shown with electrograms from the HRA, distal and proximal HBE, and the very proximal CS, and RVA. A–V nodal reentry with a cycle length of 360 msec is present. Note on the first two complexes retrograde atrial activation begins just before the onset of the QRS shown by the dotted line. Two atrial extrastimuli are delivered, which influence the tachycardia. The second produces conduction delay in the lower final common pathway such that retrograde atrial activity now occurs before the inscription of the antegrade His bundle deflection, and an inverse P wave is seen before the onset of the ORS. The conduction delay, therefore, must be below the circuit in a lower final common pathway. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: Studies on upper and lower “common pathways.” Circ 1987;75:930.)



Finally, if the APD penetrates the circuit early enough, it will block antegradely in the slow pathway and usually collide with the circling wavefront in the beta pathway to terminate the arrhythmia (Fig. 8-51). If the rate of typical AVNRT is slow enough, and if the APD is appropriately timed, the presence of a wide and fully excitable gap can be demonstrated by the ability of the APD to conduct down the fast pathway, capture the His bundle, and terminate the tachycardia before the wavefront in the slow pathway reaches the lower final common pathway. Thus, the last H and QRS are prematurely activated and advanced. This phenomenon is far more common in atypical A–V nodal reentry (Fig. 8-52). Here, the tachycardia is terminated by stimulation from either the high-right atrium ( Fig. 8-52A) or the coronary sinus (Fig. 8-52B), which conducts down the fast pathway during retrograde slow pathway activation, and blocks retrogradely in the slow pathway. This is confirmed by termination of the SVT by an APD before the expected atrial echo that would have occurred over the slow pathway. The ability to conduct over the fast pathway during slow pathway conduction and to terminate the tachycardia (whether typical or atypical AVNRT) suggests that an excitable gap exists in the reentrant circuit. (Further evidence of an excitable gap is described later in the discussion of the response to VPDs.)



FIG. 8-51. Termination of A–V nodal reentry by an APD. (This figure is arranged as previous figures.) A–V nodal reentry is present at the cycle length of 395 msec. Following the fourth complex an APD (A1) delivered at a coupling interval of 210 msec terminates the tachycardia by entering the fast pathway and colliding with the returning impulse and blocking antegradely in the slow pathway.



FIG. 8-52. Termination of atypical A–V nodal reentry by atrial extrastimuli from the high-right atrium and coronary sinus. Leads 1, aVF, and V1 are shown with recordings from the HRA, HBE, CSos, CSmid, and time (T) lines. During atypical A–V nodal reentry, an atrial extrastimulus from the HRA, ( A) and the CS (B) terminate the tachycardia by conducting down the fast pathway during retrograde slow pathway conduction, therefore preempting conduction over the slow pathway. The earlier impulse then blocks retrogradely in the slow pathway and the tachycardia terminates. See text for discussion.



The ability of an APD to terminate the arrhythmia depends on (a) the cycle length of the tachycardia, (b) the distance of the site of stimulation from the reentrant circuit, (c) the refractoriness of the intervening tissue, (d) the conduction velocity of the APD, and (e) an excitable gap in the reentrant circuit. A short SVT cycle length, a distant site of stimulation, a long atrial refractory period, a slowly conducting APD, and the absence of an excitable gap, singly or in combination, will result in failure of the APD to penetrate and/or terminate the SVT. In my experience, AVNRTs with cycle lengths of £325 msec are rarely terminated by single APDs unless stimulation is carried out adjacent to the A–V node. Slower tachycardias can frequently be terminated by a single APD, even though it is delivered from distant atrial sites. Two or more APDs will usually succeed in terminating rapid A–V nodal reentry when a single APD fails. The first or earlier APDs shorten atrial refractoriness, allowing the subsequent APDs to reach the reentrant circuit at the critical time required for termination. This is also the mechanism by which rapid atrial pacing terminates arrhythmias. In an analogous fashion to atrial stimulation, VPDs can produce similar responses ( 93,94 and 95). The application of progressively premature VPDs during SVT can provide useful information regarding the presence of a lower common pathway. This depends critically on the ability to record a retrograde His potential and the



capability of the VPD to reach the His bundle. As noted in Chapter 2, in approximately 85% of patients a retrograde His deflection can be seen during ventricular pacing. The ability to reach the His bundle during a tachycardia by ventricular extrastimuli depends on the tachycardia cycle length, the local ventricular refractory period, the obligatory time required for the impulse to reach the bundle branches from the site of stimulation, and retrograde conduction time up the bundle branches to the His bundle. Thus, although VPDs can be introduced without any effect on A–V nodal reentry in all patients with A–V nodal reentrant SVT, the ability to document premature depolarization of the lower part of the A–V node is limited to perhaps 60% of patients. This number can be augmented by using maneuvers or pharmacologic agents to slow the tachycardia. If one analyzes only those patients in whom retrograde His bundle depolarizations can be observed during ventricular extrastimuli during SVT, in nearly 90% of these patients the His bundle can be retrogradely captured prematurely by single ( Fig. 8-53) and even double (Fig. 8-54) ventricular extrastimuli without affecting the tachycardia as manifest by a constant atrial cycle length ( 95).



FIG. 8-53. Retrograde capture of the His bundle by a ventricular extrastimulus without influencing the tachycardia. (The figure is arranged identically to Fig. 8-50.) Following three complexes of atrioventricular (A–V) nodal reentry at a cycle length of 380 msec, a ventricular extrastimulus is delivered and captures the His bundle retrogradely (H', arrow) without influencing the tachycardia, as shown by a constant A–A interval. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



FIG. 8-54. Sequential retrograde capture of the His bundle without influencing A–V nodal reentry. (The figure is arranged the same as Fig. 8-53.) Two ventricular extrastimuli capture the His bundle retrogradely (H', arrow) without influencing the tachycardia. The dotted lines show where the His bundle would have been activated spontaneously during the tachycardia. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



As with APDs, earlier VPDs can reset the tachycardia. This usually requires a very premature extrastimulus and/or a rather slow tachycardia (usually cycle lengths greater than 350 msec). Rosenthal et al. ( 11), in our laboratory, demonstrated that if one can reset A–V nodal reentrant tachycardia by VPDs, the presence of an excitable gap can be demonstrated in the common form of A–V nodal reentry. During a slow typical A–V nodal reentrant tachycardia, he demonstrated premature depolarization of the His bundle retrogradely over a zone of coupling intervals exceeding 100 msec without demonstrating decremental conduction in the retrograde limb (Fig. 8-55). This finding suggests that the retrograde limb of the circuit maintained full excitability during the tachycardia and that there was a gap of more than 100 msec between the head of the impulse coming down the slow pathway and the entrance of the lower final common pathway into the fast pathway retrogradely. This is schematically shown in Figure 8-56. The presence of an excitable gap supports the concept of dual pathways based either on an anatomically determined substrate or, more likely in this instance, one based on nonuniform anisotropy in the A–V node. Schuger et al. ( 93) confirmed this observation by using verapamil to expose the excitable gap. If single VPDs cannot reset, double VPDs can.



FIG. 8-55. Demonstration of an excitable gap during A–V nodal reentry. (The figure is arranged similar to prior figures.) A–V nodal reentry at a cycle length of nearly 600 msec is present in all three panels. Progressively premature ventricular extrastimuli are delivered in all three panels. A. andB. A retrograde His bundle deflection is seen (H2, arrow). Ventricular extrastimuli at 545 msec and 490 msec capture the His retrogradely without any change in the H 2–A 2 interval, as measured in the HRA electrogram. This demonstrates that the retrograde limb of the circuit is fully excitable. C. Despite the fact that a retrograde His bundle is not seen, an earlier ventricular extrastimulus at 260 msec conducts retrogradely again over the fast pathway and terminates the arrhythmia by blocking in the slow pathway. See text for discussion. (From: Rosenthal ME, Miller JM, Josephson ME. Demonstration of an excitable gap in the common form of atrioventricular nodal reentrant tachycardia. J Electrophysiol 1987;1:334.)



FIG. 8-56. Schema of demonstration of excitable gap by ventricular extrastimuli. A. B. C. and D. The tachycardia and effective premature stimuli delivered during the tachycardia over a range of 80 msec. See text for discussion. (From: Rosenthal ME, Miller JM, Josephson ME. Demonstration of an excitable gap in the common form of atrioventricular nodal reentrant tachycardia. J Electrophysiol 1987;1:334.)



Resetting AVNRT by VPDs can occasionally be observed in the absence of atrial activation over the fast pathway ( Fig. 8-57). In Figure 8-58 two VPDs reset AVNRT associated with block to the atrium followed by resumption of AVNRT with intermittent retrograde block to the atrium. This finding also supports the concept that AVNRT is subatrial. Scherlag et al. ( 96) recently demonstrated that retrograde block can occur between the slow pathway and the atrium during rapid retrograde activation of the slow pathway. Retrograde conduction from slow pathway to atrium was slower than conduction from atrium to slow pathway. This was consistent with the more “nodal-like” action potentials of the slow pathway as compared to atrial fibers.



FIG. 8-57. Resetting AVNRT without activating the atrium. ECG leads 2 and V1 are shown with electrograms from the HRA, HBE (slow pathway), CSos, and RVA. Two VPDs are delivered during typical AVNRT, the second of which resets the tachycardia without depolarizing the atria. The first VPD does not affect the tachycardia. These findings suggest a subatrial circuit. See text for discussion.



FIG. 8-58. Resetting AVNRT without atrial activation followed by V–A block. ECG leads I, II, III, V1, and V6 are shown with electrograms from the right atrium (RA) and His bundle. Two VPDs (arrows) are delivered during AVNRT. The first does not affect the tachycardian. The second VPD resets the tachycardia without reaching the atria. Following a long pause AVNRT resumes, but the second complex exhibits V–A block without affecting the tachycardia. These findings suggest that AVNRT is due to subatrial reentry. See text for discussion.



Termination of A–V nodal reentrant tachycardia by single ventricular extrastimuli is even more difficult than with atrial extrastimuli because of the limitations imposed on the prematurity with which ventricular extrastimuli can be delivered and reach the circuit (i.e., tachycardia cycle length, conduction time to the bundle branches, and conduction through the bundle branches to the His bundle and A–V node). Termination of tachycardias with cycle lengths less than 400 msec by a single ventricular extrastimulus is extremely rare. The ability to terminate a rapid SVT by an isolated extrastimulus strongly favors the diagnosis of circus movement tachycardia using a concealed bypass tract (see following discussion of concealed bypass tracts). Termination of AVNRT by a ventricular premature complex can occur either in the retrograde or antegrade limb. Usually, the slower the tachycardia, the more likely termination will be in the slow pathway. In contrast to isolated ventricular extrastimuli, rapid ventricular pacing can usually terminate even rapid tachycardias when single VPDs fail to do so. To summarize, atrial and ventricular stimulation can terminate both typical and atypical A–V nodal reentry but are limited by several factors. When termination of typical A–V nodal reentry is by single APDs, more than 95% of the time this occurs as a retrograde collision in the fast pathway and antegrade block in the slow pathway as shown in Figure 8-51. Occasionally, however, the APD can preempt slow-pathway conduction and go down the fast pathway while simultaneously blocking the slow pathway. In any event, more than 95% of the time, block in the slow pathway with simultaneous collision in the fast pathway terminates the tachycardia. Similarly, in atypical A–V nodal reentry, APDs can terminate the tachycardia, but they do so almost universally by preempting conduction up the slow pathway. The APD conducts down the fast pathway, which produces block in the slow pathway retrogradely because of the earlier input into the slow pathway retrogradely by the earlier conducted impulse down the fast pathway. This is the typical mode of termination of a typical A–V nodal reentry by APDs, regardless of coupling interval or site of stimulation (see Fig. 8-52). Termination of A–V nodal reentry by single VPDs is more variable and is very uncommon if AVNRT has a cycle length of < 320 msecs. Although typical A–V nodal reentry can be terminated by a VPD, which usually conducts up the fast pathway and blocks on the return down the slow pathway, very early VPDs or multiple VPDs can, in fact, block in the fast pathway and collide with the impulse conduction down the slow pathway, terminating the arrhythmia. Thus, some variability in the site of termination exists. With atypical A–V nodal reentry, however, virtually 100% of the time the VPDs terminate the tachycardia by blocking the slow pathway retrogradely. These observations are for abrupt termination. Occasionally, however, delayed termination of A–V nodal reentrant tachycardia can occur following premature stimuli (94). In this case, the effects of concealment in either of the two pathways can cause delayed block either antegradely in the slow pathway or retrogradely in the fast pathway during typical A–V nodal reentry. Thus, the site of termination is more variable when it does not occur abruptly. Role of Atrial Activation Patterns in Evaluating the Role of the Atrium As noted earlier, during AVNRT retrograde atrial activation is heterogenous. The presence of muliple breakthroughs, particularly when activation at the slow pathway and/or in the coronary sinus was earlier than those sites on the proximal His bundle catheter, is incompatible with a macroreentrant circuit involving the atrium between the fast and slow pathways (Fig. 8-59A). Moreover, activation during AVNRT was discordant from that during ventricular pacing at comparable cycle lengths in half of our patients (77) (Fig. 8-59B). This further supports the functional nature of conduction and stresses the misconception of anatomically discrete pathways.



FIG. 8-59. Discordant atrial activation during AVNRT and ventricular pacing. The figure is organized identically to Fig. 8-32. Panel A. Two VPDs are delivered during AVNRT to expose atrial activation, which demonstrates a broad pattern of activation along the HBE and simultaneous activation at the SP (i.e., multiple breakthroughs). Panel B. During ventricular pacing atrial activation shows a single sequential activation pattern. See text.



More recently Loh et al. ( 97) performed high-density mapping (192 electrodes) of the triangle of Koch as well as of the left atrial septum during atypical A–V nodal echoes in canines and found no evidence of atrial activation that could be construed as participating in the reentrant circuit. They then made 1–3-mm deep incisions perpendicular to the tricuspid valve and the tendon of Todaro at the level of the coronary sinus os and at three more proximal levels closer to the compact node. These incisions, which separated the so-called fast and slow pathways, failed to prevent the A–V nodal echoes ( Fig. 8-60). All these data suggest that the reentrant circuit involved in AVNRT has not been defined, but suggests it is subatrial perhaps related to the marked nonuniform anisotropy of the compact node and transitional nodal tissue around it.



FIG. 8-60. Failure to prevent AV nodal reentry by incisions through the triangle of Koch. Schema of triangle of Koch in a canine model of AV nodal reentry. Dashed lines show where 1–3-mm deep incisions were made. These incisions which physically separated the “fast” and “slow” pathways failed to prevent AV nodal reentry. See text for discussion. (From: Loh P, de Bakker JMT, Hocini M, et al. High resolution mapping and dissection of the triangle of Koch in canine hearts: evidence for subatrial reentry during ventricular echoes. PACE 1997;20:1080[abstract].)



Requirement of Subnodal Structures in AVNRT Many observations suggest that infranodal structures are not required to maintain A–V nodal reentry. There have been many reported examples of persistence of the tachycardia in the presence of A–V block ( 18,28,83,84,85 and 86,98,99,100,101,102 and 103). The site of block may occur above or below the recorded His potential, but most commonly occurs below the His in either a 2:1 or Wenckebach fashion at the onset of the tachycardia ( Fig. 8-61). Although A–V block has most commonly been observed during typical A–V nodal reentry, we have reported atypical A–V nodal reentry associated with infra-His block ( Fig. 8-62) (28). Initiation of the tachycardia associated with infra-His block occurred whether stimulation was performed at the high-right atrium or coronary sinus. The finding of block below the His, in this case of a long R–P tachycardia, confirms typical A–V nodal reentry as the diagnosis and excludes the slowly conducting bypass tract, which it can mimic ( 63,64 and 65). In addition, one must prove that this rhythm is not atrial tachycardia by demonstrating its initiation with ventricular stimulation and the ability to reset or entrain the tachycardia with ventricular stimulation, while maintaining the exact same retrograde sequence as the tachycardia ( Fig. 8-63) (28).



FIG. 8-61. Typical AVNRT with infranodal and intranodal block. In both panels typical AVNRT is induced by a single APD. In the top panel 2:1 A–V block occurs below the His. In the bottom panel 2:1 block appears in the AV node after a period of 3:2 Wenckebach.



FIG. 8-62. Infra-His block during atypical A–V nodal reentry. Both panels are organized from top to bottom as leads 1, aVF, V 1, and electrograms from the HRA, HBE, os and distal CS, and low-right atrium (LRA). A. An APD delivered from the HRA during sinus rhythm initiates atypical A–V nodal reentry. Block below the His is observed on the initiating complex on the third and on the second complex of the tachycardia. B. An APD delivered from the mid-CS produces the exact same phenomenon. In contrast to typical A–V nodal reentry with infra-His block, with atypical A–V nodal reentry, the retrograde A precedes the blocked His potential. See text for discussion.



FIG. 8-63. Entrainment of atypical A–V nodal reentry. (The figure is organized as in Fig. 8-30.) A. to C. Atypical A–V nodal reentry is present in the first three complexes at a cycle length of 445 msec. Subsequently, ventricular pacing is begun at 400 msec with retrograde capture of the atrium from the third ventricular extrastimulus. C. Pacing is discontinued and the first return cycle of atypical A–V nodal reentry is 400 msec, thereby demonstrating entrainment of that rhythm. See text for discussion.



Less commonly (perhaps 20%), A–V nodal reentry can be maintained with block above the recorded His bundle, suggesting an intranodal site of block and the presence of a lower final common pathway in the A–V node itself. Block is also usually initiated at the onset of a tachycardia and may begin as 2:1 block initially or may develop 2:1 block after a period of Wenckebach in the lower final common pathway ( Fig. 8-64). Wenckebach in the lower final common pathway is manifested by a change in the His and retrograde atrial activation relationship. The atrial electrogram usually follows the recorded His bundle. When Wenckebach occurs in the lower final common pathway, delay occurs between the circuit and the His bundle electrogram; therefore, the retrograde atrial activation moves closer to or actually precedes the His bundle activation until block occurs and no His bundle electrogram is apparent. This is clearly seen in the first three complexes of Figure 8-63. Rare cases exist of repetitive Wenckebach cycles occurring in the lower final common pathway, giving rise to a begeminal pattern of QRS complex with a stable atrial activation sequence (Fig. 8-65).



FIG. 8-64. A–V nodal block during A–V nodal reentrant SVT. From top to bottom, panels are arranged as leads 1, aVF, V 1, HRA, CS, and HBE. A. At a paced cycle length of 500 msec, a single atrial extrastimulus at 200 msec initiates A–V nodal reentrant SVT. The first three complexes demonstrate Wenckebach in a lower final common pathway culminating in the development of 2:1 A–V nodal block below the reentrant circuit with persistence of A–V nodal reentry. B. 1:1 conduction resumes on the right-hand part of the panel with the development of right bundle branch block aberration. See text for discussion.



FIG. 8-65. A–V nodal Wenckebach during A–V nodal reentry. Leads 2 and V1 are shown with electrograms from the HRA, proximal and distal CS, HBE, and RVA. A–V nodal reentry is present with a 3:2 Wenckebach pattern below the reentrant circuit in the A–V node. Persistence of the tachycardia with this repetitive Wenckebach cycle reveals the presence of a lower final common pathway.



The most dramatic example of documented upper and lower final common pathways demonstrated in the same patient is shown in Figure 8-66. In this patient, A–V nodal reentrant tachycardia was initiated by a VPC with fast retrograde conduction characteristic of typical A–V nodal reentry. The first atrial echo occurs at an interval of 280 msec and is followed by a tachycardia with an apparent cycle length of more than 500 msec. In the middle of Fig. 8-66B, there is a sudden apparent acceleration of the tachycardia such that the ventricular response is doubled. Note that the second and fourth ventricular complexes are not associated with retrograde conduction to the atrium; hence, 2:1 His-to-atrial block is present before resumption of conduction in both directions. Resumption of conduction initially occurs retrogradely, which is subsequently followed by antegrade conduction. To my knowledge this is the only reported example of 2:1 antegrade and retrograde block in upper and lower final common pathways.



FIG. 8-66. A–V nodal reentry with block in upper and lower final common pathways simultaneously. Leads 1, aVF, and V1 are shown with electrograms from the HRA, HBE, and RVA. Following two sinus complexes, a VPD conducting over the fast pathway initiates A–V nodal reentry. The first complex of the A–V nodal reentry has a



cycle length of approximately 260 msec, and thereafter a tachycardia with an apparent cycle length of 250 msec. B. In the middle of the tracing, there is sudden resumption of 1:1 conduction to the ventricles at a cycle length of approximately 280 msec. Note that the first several complexes are associated with 2:1 block to the atrium despite 1:1 conduction to the ventricles. Ventricular premature stimulus produces a fusion of the fourth ventricular complex with persistence of the tachycardia. After the fifth complex of 1:1 ventricular conduction, 1:1 conduction resumes between the circuit and the atrium. Thus, this patient demonstrates A–V nodal reentrant SVT, initially with block in an upper and lower final common pathway, followed by conduction through the lower common pathway with persistence of block in the upper final common pathway, eventually followed by 1:1 conduction through both upper and lower final common pathways. See text for discussion



AVNRT with 2:1 block can produce confusing ECG patterns, particularly when associated with Wenckebach at the onset. If during AVNRT with stable 2:1 block the HV is markedly prolonged, retrograde atrial activation will precede the QRS and the tachycardia may be misdiagnosed as an atrial tachycardia. Responses to ventricular stimulation as discussed earlier can distinguish these rhythms. The appearance of an apparent typical AVNRT (simultaneous atrial and ventricular activation) at the same cycle length upon normalization of the QRS also is consistent with the diagnosis of AVNRT but does not exclude atrial tachycardia with a long PR producing simultaneous atrial and ventricular activation. The occurrence of spontaneous block is not rare. In our laboratory, we have observed A–V block in 41 out of 335 consecutive patients with AVNRT. If one analyzes the incidence of A–V block in reference to the total number of spontaneous or induced episodes of SVT, it decreases markedly. Most commonly, block is observed at the initiation of a tachycardia, but it has also been observed during acceleration of the tachycardia rate and following spontaneous or induced VPDs. Resumption of 1:1 conduction is always associated with at least transient aberration and slight lengthening of the AVNRT cycle length. Although A–V block was initially considered merely a laboratory phenomenon, we have observed a 10% incidence of A–V block (2:1 or Wenckebach-type) at the onset of spontaneously occurring AVNRT. Thus, this is certainly not a rare event. The Role of Atrial or Ventricular Pacing in Analyzing Upper and Lower Final Common Pathways Theoretically, if antegrade and/or retrograde Wenckebach periodicity or block could be demonstrated at a cycle length approximating the cycle length of the tachycardia, this would be evidence of upper and/or lower final common pathways ( Fig. 8-67) (18,62,95). Conclusions based on these observations must be tempered by the absence of sympathetic tone during sinus rhythm, which is normally present during AVNRT. Another analysis that can be useful is to compare the A–H interval during SVT (as measured in the His bundle electrogram) to that produced by atrial pacing at the same cycle length as the SVT. If an upper final common pathway is absent, the A–H intervals will be equal. If an upper final common pathway is present, the A–H interval during the tachycardia will be less than that during atrial pacing and will reflect the difference produced by retrograde conduction through the upper common pathway and simultaneous antegrade conduction over the slow pathway. Quantitation of the extent of the upper common pathway can be made by recording the A–H interval during pacing from the end of the atrial electrogram to the onset of the His bundle deflection (this gives the shortest A–H possible), and the A–H during the tachycardia is measured from the onset of the atrial electrogram (because conduction must occur from the node to the atrium) to the onset of the His deflection. This is schematically shown in Figure 8-68.



FIG. 8-67. Demonstration of lower final common pathway by demonstration of no V–A) conduction at the same cycle length as SVT. (The figure is arranged the same as Fig. 8-22.) A. SVT is present at a cycle length of 350 msec. B. Ventricular pacing at a comparable cycle length demonstrates A–V dissociation. The ability to manifest SVT at a similar cycle length associated with V–A block suggests that the block is in a lower final common pathway. See text for discussion.



FIG. 8-68. The effect of atrial pacing on A–H intervals in the presence and absence of an upper final common pathway. Ladder diagrams portray the atrium, A–V nodal reentrant circuit and His bundle with and without an upper final common pathway (UCP). In the absence of an upper final common pathway (top panel), the A–H interval during the tachycardia should equal the A–H interval during atrial pacing at the same cycle length as the tachycardia, assuming similar inputs and outputs of the atrium. In the bottom panel, the effect of atrial pacing in the presence of a UCP is shown. If a UCP is present, conduction antegradely and retrogradely occurs in the A–V node so that the “A–H” interval during SVT will be shorter than the A–H interval during pacing because during atrial pacing the UCP conduction time must be added to the antegrade conduction time over the slow pathway. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



Miller et al. (95) observed A–V Wenckebach in at a rate at least 10 beats slower than that of the tachycardia in 6 of 28 consecutively studied patients, suggesting an upper final common pathway. Two additional patients had significantly longer A–H intervals measured during pacing than during the SVT. In 15 patients, pacing at the cycle length of SVT was associated with A–H intervals shorter than that during SVT and no Wenckebach because conduction was occurring over the fast pathway. This response precluded determination of the presence or absence of an upper common pathway. This problem can be overcome if the investigator paces more rapidly to induce block in the fast pathway and cause conduction to proceed over the slow pathway. At that point, the rate of pacing can be decreased below that of the tachycardia, while maintaining slow pathway conduction. Using this method, we observed findings consistent with an upper final common pathway (i.e., A–H during pacing greater than A–H during SVT) in approximately 80% of patients. In many patients, Wenckebach cycles eventually lead to the induction of the tachycardia before the actual manifestation of A–V nodal block. If the cycle lengths producing a jump from the fast to the slow pathway with progressive slowing of conduction in the slow pathway before inducing SVT were longer than the cycle lengths of SVT, this also could be included as a manifestation of an upper final common pathway (see Fig. 8-6). Using criteria of Wenckebach cycles inducing SVT exceeding the cycle length of SVT, and A–H intervals over the slow pathway during pacing at the cycle length of SVT exceeding the A–H during SVT, nearly 85% of patients will manifest one of these findings consistent with an upper final common pathway. This obviously requires that the investigator ensure that antegrade conduction proceeds over the slow pathway before any assessment of upper final common pathway in typical A–V nodal reentry. This is not necessary with atypical A–V nodal reentry, in which antegrade conduction proceeds over the fast pathway. Examples of A–H intervals that are greater during pacing than during tachycardia are shown in Figure 8-69 and Figure 8-70. These conclusions are also limited by the absence of comparable autonomic tone during pacing and SVT, and thus are best demonstrated during entrainment of the tachycardia.



FIG. 8-69. Influence of atrial pacing on the A–H interval in the presence of an upper final common pathway in typical A–V nodal reentry. The tracing is arranged as in prior tracings (A) sinus rhythm, (B) A–V nodal reentry, (C) atrial pacing. During A–V nodal reentry at a cycle length of 380 msec, the A–H interval ( arrows) measures 319 msec. During pacing at a comparable cycle length measuring from the era of the A to the beginning of the H, the A–H interval is longer at 328 msec. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



FIG. 8-70. Comparison of A–H intervals during pacing and SVT in atypical A–V nodal reentry. A. Atypical A–V nodal reentry is initiated by ventricular pacing. During atypical A–V nodal reentry, the A–H interval is 109 msec from the beginning of the A to the beginning of the H (i.e., assuming an upper final common pathway). B. During atrial pacing at a comparable cycle length, the A–H interval measured from the end of the A to the beginning of the H is almost 20 msec longer. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



In an analogous fashion, lower final common pathways can be evaluated by analyzing the response to ventricular pacing. Obviously, assessment requires the ability to record a retrograde His deflection, which is not possible in approximately 15% of patients when stimulation is carried out at the RV apex. Stimulation of the RV at a para-Hisian site may increase the ability to see retrograde His potentials ( 104). Retrograde Wenckebach occurred at cycle lengths equal to or greater than that of SVT in 3 of 28 consecutive patients studied by Miller et al. ( 95). As noted earlier, the induction of typical A–V nodal SVT by ventricular pacing is never associated with retrograde Wenckebach periodicity, although retrograde dual pathways can be observed at shorter cycle lengths than SVT. Because typical AVNRT is always induced with retrograde conduction up the fast pathway, and because the presence of retrograde dual pathways, even at shorter cycle lengths than SVT, suggests a low likelihood of SVT induction, it is rare to demonstrate retrograde Wenckebach or V–A block at cycle lengths equal to or greater than SVT (see Fig. 8-67). However, measurement of retrograde H–A intervals during SVT and ventricular pacing, particularly during entrainment of AVNRT, provides useful criteria for diagnosing a lower final common pathway. A lower common pathway is suggested by an H–A interval during pacing that exceeds that during SVT ( Fig. 8-71) (18,62,95,105). This has been found in essentially all of our patients who had recordable retrograde His deflections during pacing when we measured H–A intervals during SVT and pacing from the beginning of H to beginning of A. When we measured the H–A interval during SVT from the beginning of the His deflection to the beginning of the atrial electrogram and compared it to the measurement from the end of the H to the beginning of the A during pacing, only 84% of patients had a greater H–A during pacing than during SVT from 5 to 79 msec (mean 25 ± 20). The second method of measurement is necessary if the turnaround is assumed to be above the His bundle and if quantification of the extent of the lower final common pathway is being evaluated. This observation has also been corroborated by Akhtar et al. (18,62). An example of this phenomenon in a patient with typical A–V nodal reentry is shown in Figure 8-72. It is critical that the H–A intervals be measured during pacing at comparable cycle lengths as SVT or preferably during entrainment of AVNRT. An example of a greater H–A during entrainment of AVNRT than AVNRT itself is shown in Figure 8-73. This supports the presence of a lower final common pathway in the AV node. Only one group has ever reported opposite observations during ventricular pacing ( 104). The explanation for this difference remains elusive but may be related to the site at which the His bundle was recorded. Other investigators (80,81) have reported comparable H–A intervals during SVT and during ventricular stimulation and thus suggested the presence of a His-to-atrial connection. Those authors, however, used the response to ventricular extrastimuli for analysis. This method gives an inaccurate assessment of retrograde conduction through the A–V node, because during ventricular stimulation the input into the A–V node is limited by His-Purkinje refractoriness. This results in a flat H 1H2 interval and therefore a flat H 2A2 interval because the input to the A–V node remains the same owing to slowing of His-Purkinje conduction in response to premature stimuli (see Chap. 3). This is the very reason VPDs rarely initiate typical A–V nodal reentry. Analysis of H–A intervals should be measured only during pacing at a cycle length comparable to that of SVT, or preferably during entrainment of AVNRT. The data supporting a lower final common pathway are given in Table 8-4. Thus, based on spontaneously occurring phenomena, response to programmed stimulation, and recent experimental data, I believe AVNRT is a subatrial reentrant circuit confined to nodal (compact and transitional) tissue. Functional differences based on nonuniform anisotropy, and not specific anatomic structures, form the pathophysiologic basis for AVNRT.



FIG. 8-71. Schematic representation of effects of ventricular pacing on H–A intervals in the presence and absence of a lower final common pathway. The atrium, A–V nodal circuit, and His bundle are shown in the presence and absence of a lower final common pathway (LCP). In the absence of a lower final common pathway, the H–A interval would be similar during SVT and ventricular pacing at a comparable cycle length. In the presence of an LCP, however, because the H–A interval is determined by retrograde conduction to the atria and simultaneous antegrade conduction to the His bundle, the H–A interval would be shorter than that during ventricular pacing, which requires retrograde conduction through the LCP as well as through the fast pathway. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



FIG. 8-72. Demonstration of lower final common pathway by comparison of H–A intervals during SVT and ventricular pacing. A. During SVT at a cycle length of 330 msec, the H–A interval is 25 msec (dotted lines and arrows). B. During ventricular pacing at the same cycle length, a retrograde His bundle is clearly seen. Measurements from the end of the H to the beginning of the A (dotted lines and arrows) is longer than the H–A intervals during SVT, diagnosing the presence of a lower final common pathway. See text for discussion. (From: Miller JM, Rosenthal ME, Vassallo JA, Josephson ME. Atrio-ventricular nodal reentrant tachycardia: studies on upper and lower “common pathways.” Circ 1987;75:930.)



FIG. 8-73. Entrainment of AVNRT by ventricular pacing. ECG leads II and V1 are shown with electrograms from the HRA, mid (m) and distal (d) His bundle (HB) and para-Hisian RV (paraH). The last two beats of entrainment of AVNRT by para-Hisian pacing are shown with the resumption of AVNRT. The H'–A' during pacing exceeds the H–A during SVT at comparable rates. See text for discussion.



TABLE 8-4. AVNRT: Evidence That the His Bundle Is Not Involved



Pharmacologic and Physiologic Maneuvers Because initiation and maintenance of A–V nodal reentrant SVT are related to a critical balance between refractoriness and conduction velocity within the A–V node, drugs affecting these properties can alter the ability to initiate and sustain this arrhythmia. In the absence of knowing the determinants of initiation of reentry in an individual, it is impossible to predict the therapeutic response to such drugs. However, the physiologic effects of various agents have been studied. Digitalis, beta-blockers, and calcium-blockers prolong A–V nodal conduction and refractoriness in both the fast (beta) and slow (alpha) pathways ( 18,58,59,60 and 61,106,107,108,109,110 and 111). Because the determinants for sustained A–V nodal reentry can be due to abnormalities of either retrograde or antegrade conduction, the therapeutic response in individual patients may vary. Occasionally, these drugs enable the investigator to demonstrate dual pathways that were not demonstrable before their administration. Moreover, these drugs may actually prolong the echo or tachycardia zone in response to APDs and may result in the ability to initiate echoes or sustained A–V nodal reentry that was not possible before their administration. These responses may occur if the drugs produce a greater degree of slowing of conduction in the slow pathway than prolongation of refractoriness in the fast pathway. An example of this response is shown in Figure 8-74: propranolol increases the refractoriness of both the fast and slow pathway but depresses conduction to a greater degree in the slow pathway, allowing a critical A–H to be achieved, which allows the fast pathway to recover and SVT to be induced. Oral use of these agents may be associated with an increase in frequency and duration of spontaneous AVNRT, which is invariably slower than prior to therapy. Conversely, if drugs prolong refractoriness of the fast pathway to a greater degree than they prolong conduction down the slow pathway (with or without depression of fast-pathway conduction), this may result in inability to initiate SVT. The relative efficacy of these different agents in preventing the initiation of typical or atypical A–V nodal reentrant activity has not been compared in a prospective study. All can prevent initiation of the arrhythmia, particularly when the major determinant is the slow pathway, that is, by preventing repetitive reentrance down the slow pathway because of prolonging its refractoriness. It is my impression, however, that calcium blockers have the most potent effects on the A–V node with verapamil being the most potent of this class of agents. In the past decade, adenosine has become the pharmacologic agent of choice for acute termination of AVNRT ( 112,113 and 114). The mechanism by which this drug works is complex. It produces block in the slow pathway by indirectly inhibiting catecholamine-induced, adenyl-cyclase-mediated Ca ++ conductance. It also activates specific K ++ channels (IK-Ado), which slow conduction and prolong refractoriness in the AV node.



FIG. 8-74. Influence of propranolol on induction of SVT. Coupling intervals of atrial extrastimuli (A 1A2) are plotted on the horizontal axis, and resultant A 2H2 intervals, on the vertical axis. During the control state (triangles), fast- and slow-pathway conduction are seen, with the effective refractory period of the fast pathway at 310 msec. No A–V nodal reentry, however, is induced, even though A 2H2 intervals reached 290 msec. Following propranolol (circles), the dual pathway curves are shifted



upward and to the right, such that the A–H interval at all coupling intervals is longer than the control. The effective refractory period of the fast pathway is increased to 380 msec. Conduction over the slow pathway is markedly increased. When slow-pathway conduction reaches 375 msec and greater, SVT (closed circles) is induced.



The major effect of calcium- and beta-blockers as well as digitalis appears to be on the slow pathway. Some investigators have suggested that the retrograde fast pathway behaves like an A–V nodal bypass tract ( 80,81) because of its rapid and relatively fixed retrograde conduction, and the observation that it appears to be little affected by beta-blockers and calcium-blockers. These are weak arguments. Data relative to the presence of upper and final lower common pathways that are intranodal have been presented. The failure of these investigators to demonstrate a significant effect of these drugs on retrograde conduction has been primarily due to their techniques. Ventricular extrastimuli (as mentioned in Chap. 2 and earlier in this chapter) do not achieve as comparable an input into the A–V node as the tachycardia or during rapid ventricular pacing. Assessment of retrograde conduction over the fast pathway by ventricular extrastimuli therefore yields misleading information. When studied by rapid pacing, the effects of verapamil, digitalis, and propranolol on retrograde fastpathway conduction are similar to their effects on antegrade slow pathway conduction; that is, they prolong it ( 18,108,109 and 110). All of these drugs have been demonstrated to block retrograde fast-pathway conduction in individual patients and to terminate the arrhythmias in addition to their more frequent production of block in the slow pathway. Thus, these drugs unequivocally affect retrograde fast pathway conduction in a manner qualitatively similar to their effect on the slow pathway, a behavior further suggesting that the retrograde fast pathway is composed of A–V nodal tissue. Responses to agents such as atropine and isoproterenol provide additional support for this conclusion (8,68,69 and 70,115). As noted, these agents can facilitate induction of arrhythmias by improving retrograde fast-pathway conduction and/or antegrade slow-pathway conduction (18,68,69 and 70). These agents are particularly useful in facilitating induction of typical AVNRT in patients exhibiting retrograde dual pathways, V–A Wenckebach, or complete V–A block during ventricular pacing in the baseline state. An example of the effect of atropine on A–V nodal reentrant SVT is shown in Figure 8-75. In this patient atropine increases the rate of SVT, which is associated with increase in both antegrade conduction over the slow pathway (shorter A–H) and retrograde conduction over the fast pathway (shorter H–A). As stated previously, atropine can manifest demonstrable effects on retrograde fast-pathway conduction when assessed by rapid pacing.



FIG. 8-75. Effect of atropine on typical A–V nodal reentry. (The figure is arranged identically to Fig. 8-22.) During a control, typical A–V nodal reentry is present with a cycle length of 370 msec and A–H interval of 330 msec and an H–A interval of 40 msec. Following atropine (right panel), the tachycardia cycle length is shortened to 315 msec. This is as a consequence to shortening of both the H–A (30-msec) and A–H (285-msec) intervals.



Class IA agents, such as procainamide, quinidine, and disopyramide can produce block in the fast pathway retrogradely to prevent and/or terminate SVT (116,117,118,119 and 120). As such, these drugs may be effective in terminating as well as preventing the arrhythmia. Their effects on antegrade slow-pathway conduction are variable, particularly in the case of the Class IA agents, due in part to their vagolytic effects. Class IC agents, flecainide, and propafenone have more potent effects on both the fast and slow pathways. Amiodarone appears to affect both the fast and slow pathway, producing block retrogradely in the fast pathway and terminating and, of course, preventing tachycardias. Sotalol's effect on the A–V node is similar to other beta-blockers. Class I agents may also be of value in defining the mechanism of SVT. The production of infra-His block by these agents without termination of the arrhythmia excludes circus movement tachycardia using a concealed atrioventricular bypass tract (see following). Termination of typical A–V nodal reentrant SVT by carotid sinus massage and other vagal maneuvers almost always occurs by gradual slowing and then antegrade block in the slow pathway (16,121). Thus, in most instances, the tachycardia is terminated by a nonconducted atrial echo ( Fig. 8-76A). Occasionally, in typical A–V nodal reentry, carotid sinus pressure can produce slowing in the slow pathway and oscillations with termination in the fast pathway, but this is uncommon. This has also been observed using neck collar suction with or without additional vagomimetic agents. In all instances, retrograde block appears at cycle lengths far in excess of atrial refractoriness supporting an A–V nodal site of block. In contrast, in atypical A–V nodal reentry, termination by vagal maneuvers, adenosine, beta- or calcium-blockers is always in the retrograde slow pathway. In such instances termination occurs with gradual V–A prolongation, then block following a QRS without a retrograde P wave (Fig. 8-76B).



FIG. 8-76. A. Termination of typical A–V nodal reentry by carotid sinus massage. Carotid sinus massage (CSM) (arrow) is applied during typical A–V nodal reentry. Progressive slowing that is due to A–H prolongation is seen before termination by block in the slow pathway. B. Termination of atypical A–V nodal reentry by carotid sinus massage. The figure is organized as leads 1, aVF, and 2, and electrograms from the HRA, HBE, os of the CS, distal CS, and intra-atrial septum (IAS). Atypical A–V nodal reentry is present, and the carotid sinus pressure is applied. There is progressive slowing of the tachycardia associated with prolongation of retrograde conduction over the slow pathway (H–A intervals) until block occurs in the retrograde slow pathway, terminating the tachycardia.



Thus, vagal maneuvers as well as the physiologic responses to drugs that are vagomimetic, and to those with beta- and calcium-blocking effects, all suggest that AVNRT is confined to the A–V node. Manipulation of antegrade and retrograde conduction can facilitate induction of the arrhythmia and can enhance the rate of arrhythmia or can terminate the arrhythmia. The effects of these drugs depend on the critical balance of conduction and refractoriness in both the fast and slow pathways. Electrophysiologic characteristics of AVNRT are listed in Table 8-5.



TABLE 8-5. Criteria for A–V Nodal SVT



SUPRAVENTRICULAR TACHYCARDIA RESULTING FROM CONCEALED ATRIOVENTRICULAR BYPASS TRACTS The second most common mechanism of paroxysmal SVT is reentry using the normal A–V pathway as the antegrade limb and an A–V bypass tract for the retrograde limb. These bypass tracts cannot conduct antegradely, even when atrial pacing is performed at a site near the pathway. The presence of such concealed A–V bypass tracts, which are only capable of retrograde conduction, was not appreciated until the mid-1970s, despite almost a decade of experience with the Wolff-Parkinson-White syndrome. The evolution of intracardiac stimulation techniques, coupled with endocavitary mapping, led to the recognition of these bypass tracts, which are functionally silent during sinus rhythm and clinically unsuspected. The more carefully the mechanisms of SVT are analyzed, the greater the recognition of concealed bypass tracts (CBT) as the underlying mechanism. Atrioventricular reentry using a CBT was the mechanism of 38% of 1727 consecutively studied patients with SVT in the absence of preexcitation ( Table 8-2). Other investigators also found this mechanism to be rather common, with an incidence ranging from 15% to 50% (15,16,17 and 18,49,60,122,123 and 124). In the 1980s, it became apparent that concealed A–V bypass tracts may be of two varieties: one in which V–A conduction is rapid, analogous to the situation with overt preexcitation, and one in which the bypass tract is slowly conducting and has decremental properties analogous to that of the A–V node (18,63,64,65 and 66,125,126,127,128 and 129 ). The former gives rise to a tachycardia with a short R–P interval and the latter with a long R–P interval. In addition, the fast-conducting bypass tracts usually participate in paroxysmal arrhythmias, whereas the slowly conducting bypass tracts are frequently associated with incessant tachycardias. Fast-conducting bypass tracts are 10 times more common than slowly conducting bypass tracts ( Table 8-2). SVT using a CBT has no sexual predilection. Although it occurs more frequently in younger patients than in those with A–V nodal reentry, overlap is great. We have observed cases in childhood throughout adult life. The oldest patient we have studied with SVT that was due to a CBT was 88 years old. Obviously, in youth, organic heart disease is absent; however, in older patients with tachycardias that are due to CBTs, the usual spectrum of cardiac disease is present. In patients with incessant SVT associated with slowly conducting bypass tracts, a cardiomyopathy may develop that is reversible upon cure of the tachycardia ( 130,131). The mean cycle lengths of SVT using a CBT tend to be shorter than A–V nodal reentrant SVT (330 vs. 355 msec, respectively) but overlap is considerable. Although the majority of episodes of SVT with rates exceeding 225 bpm use a CBT, we have seen occasional examples of equally fast AVNRT. Mechanism of Initiation Most cases of SVT using a fast-conducting CBT are initiated by APDs ( Fig. 8-77). In contrast to the situation in typical A–V nodal reentry, the onset of the tachycardia is unrelated to A–V nodal delay specifically but is related to the total A–V time. The degree of A–V delay must be great enough to allow both the ventricular and atrial ends of the bypass tract to be capable of retrograde excitation. As expected, most commonly the delay is in the A–V node; however, the delay may be anywhere in the His-Purkinje system or in the ventricular myocardium. An example of initiation of circus movement tachycardia using a left-sided bypass tract in which the delay providing recovery of excitability of the bypass tract is localized both in the His-Purkinje system (increase in H–V to 135 msec) and in the ventricular myocardium (presence of left bundle branch block) is shown in Figure 8-78. The importance of bundle branch block in initiation of the tachycardia is discussed further in subsequent paragraphs. Clearly, however, block in the bundle branch ipsilateral to a free-wall bypass tract will provide an additional amount of intramyocardial conduction delay, which will allow the bypass tract and/or its atrial insertion (i.e., atrial refractoriness) to recover excitability. Thus, the site of A–V delay is unimportant; it may be localized primarily to the A–V node, the His bundle, the more distal His-Purkinje system, the ventricles, or any combination of these sites. Therefore, curves relating the coupling intervals of the APD (A 1–A 2) to A–V nodal or total A–V delay and the development of SVT are typically smooth ( Fig. 8-79). Dual A–V nodal pathways may occasionally be noted as a concomitant but unrelated finding. The incidence of dual pathways in patients with CBTs in our experience is nearly 40% (122). In these cases, either the slow or fast intranodal pathway or both may be used as the antegrade limb of the tachycardia ( Fig. 8-80). This may lead to an alternation of antegrade conduction over the slow and the fast pathway, resulting in a regularly irregular rate of SVT (alternating long and short cycles) or two separate stable SVT cycle lengths. We have also seen dual A–V nodal pathways with 1:2 conduction initiating A–V reentry that is due to a CBT ( Fig. 8-81). In this case, conduction over the fast pathway did not produce enough delay to initiate the tachycardia; only after simultaneous conduction over the slow pathway was enough A–V delay encountered to allow for initiation of the tachycardia. Note the absence of A–V nodal echoes, despite the presence of markedly delayed conduction down the slow pathway.



FIG. 8-77. Initiation of SVT resulting from a CBT by an APD. The second sinus beat is followed by an APD delivered from the CS (S, arrow) at a coupling interval of 300 msec. This produces enough A–V nodal delay (A–H is 140 msec) to allow the bypass tract to be successfully engaged retrogradely and initiate SVT. Note that the earliest onset of retrograde atrial activation is recorded in the CS. See text for discussion.



FIG. 8-78. Induction of reentry using a concealed bypass tract owing to delay in the His-Purkinje system and ventricular myocardium. Leads 1, AVF, and V1 are shown along with HRA, HBE, and CS electrograms. Following one sinus complex, an APD is delivered, which initiates SVT using a CBT. No significant A–H delay is present; however, delay in the His-Purkinje system (HV 135) and in the left ventricular myocardium left bundle branch block provides enough A–V delay to allow the retrograde



refractory period of the bypass tract to recover. Stimulation from the CS also allows the atrial refractory period at the atrial insertion site of the bypass tract to recover. See text for discussion. T = time line.



FIG. 8-79. Relationship of APD coupling interval to A–V nodal and A–V conduction time and the development of SVT-CBT. The APD coupling interval (A 1–A2) is on the abscissa and A–V nodal (circles) and A–V (triangles) conduction times are on the ordinate. SVT (solid circles and triangles) appear after minimal A–V nodal or A–V conduction delay, and the curves are smooth.



FIG. 8-80. Alternations in cycle length of SVT using a CBT by the presence of dual A–V nodal pathways. The panel is arranged from top to bottom as leads 1, aVF, and V1 and electrograms from the HRA, HBE, and distal (d), mid (m), and proximal (CS p) CS. In the left-hand panel, SVT that is due to a left-sided CBT (earliest site CSp) is shown with a cycle length of 305 msec and an A–H interval of 235 msec. In the middle of the tracing, block of the fast pathway occurs and conducts and proceeds over the slow pathway with an A–H interval of 245 msec, thereby prolonging the cycle length of the tachycardia to nearly 400 msec.



FIG. 8-81. Induction of SVT using a CBT by an APD demonstrating a dual A–V nodal response. Following two sinus beats, an APD (A p) is introduced, which results in two ventricular responses, one over a fast A–V nodal pathway and one over a slow A–V nodal pathway. Following conduction of the impulse over the slow A–V nodal pathway, SVT is initiated. See text for discussion.



The site of stimulation may also be important, particularly if the limiting factor is atrial refractoriness prohibiting the impulse to traverse the bypass tract and excite the atrium. To obviate this limitation, one must stimulate near the site of the bypass tract. That is, because the atrial insertion of the bypass tract would be activated earlier, it would recover earlier and thus make reexcitation easier. Therefore, atrial stimulation at the site of the bypass tract may initiate SVT, whereas stimulation at a distant site may fail to do so ( Fig. 8-82). Because of earlier recovery at the site of the bypass tract, it is even possible to initiate the tachycardia with little or no A–V nodal delay merely by providing more time for the atrium to recover ( Fig. 8-83; also see Fig. 8-78). Another reason that the stimulation site may be important relates to the known differences in A–V nodal conduction and refractoriness based on stimulation site ( 54,55). This is clearly demonstrated in Figure 8-84, in which stimulation from the high-right atrium results in block in the A–V node, while stimulation from the coronary sinus at an identical coupling interval conducts through the A–V node and the His-Purkinje system to excite the ventricles and (because of delay in interatrial conduction) allow reexcitation of the atrium over a left-sided bypass tract. Occasionally, a single APD, even when delivered from the atrial insertion of the bypass tract, does not result in SVT because enough delay has not resulted to allow the bypass tract or the atrium time to recover. This may be due to enhanced A–V nodal conduction, with which CBTs may be associated ( 122,132,133). In such cases, rapid atrial pacing or the use of multiple atrial extrastimuli may produce enough A–V nodal delay and/or decrease of atrial refractoriness to allow for initiation of the tachycardia (Fig. 8-85).



FIG. 8-82. Significance of stimulation site in initiating SVT using a CBT. A. SVT using a left-sided CBT is initiated by an APD delivered from the CS at a coupling interval of 320 msec. B. Identical stimulation from the HRA fails to induce SVT.



FIG. 8-83. Initiation of SVT resulting from a CBT in the absence of A–V nodal delay. After the second sinus complex, an (APD) (S, arrow) introduced from the CS resulting in SVT in the absence of A–V nodal delay (no A–H prolongation). The earliest onset of atrial activation seen in the CS is typical of a left-sided A–V bypass tract. See text for discussion.



FIG. 8-84. Effect of stimulation site on initiation of SVT that is due to CBT based on differences in A–V nodal conduction. A. Atrial extrastimuli are delivered from the HRA. At a coupling interval of 260 msec, the atrial extrastimulus blocks in the A–V node and therefore no SVT using a CBT can be initiated. B. At an identical coupling interval from the CS, conduction through the A–V node can occur, and SVT ensues. Thus, differences in A–V nodal conduction dependent on atrial stimulation can influence the ability of induction of SVT using a CBT. See text for discussion.



FIG. 8-85. Multiple extrastimuli to induce SVT using a CBT in a patient with enhanced A–V nodal conduction. (The figure is arranged identically to Fig. 8-80.) During atrial pacing at a cycle length of 400 msec (S 1S1), the A–H interval remains remarkably short, at 65 msec. Because of enhanced A–V nodal conduction, three atrial extrastimuli (S2, S3, and S4) are required to produce enough A–V nodal, and hence, total A–V delay to allow for initiation of the tachycardia.



The mode of initiation differs in tachycardias due to a slowly conducting CBT. Because conduction in the bypass tract is always slow, the tachycardia is often incessant and initiated by spontaneous shortening of the sinus cycle length ( Fig. 8-86). This phenomenon has three potential mechanisms: (a) a rate-related decrease in the retrograde refractory period of the bypass tract; (b) a rate-related decrease in atrial refractoriness that allows the impulse to reactivate the atrium retrogradely over a functioning bypass tract; and (c) a concealed Wenckebach-type block with block at the atrial-bypass tract junction terminating the Wenckebach cycle, relieving any antegrade concealed conduction that may have prevented retrograde conduction up the bypass tract. The latter mechanism is most likely operative in these patients. This conclusion is based on the fact that such slowly conducting bypass tracts actually demonstrate decremental conduction at rapid rates and that, in most instances, the atrial refractory period at the site of insertion of the bypass tract is less than the R–P interval. Thus, some sort of antegrade concealment during sinus rhythm in the bypass tract must be operative, preventing tachycardia from always occurring. It is therefore not surprising that pacing-induced decreases in cycle length and even late-coupled APDs can initiate the tachycardia quite readily in patients with slowly conducting bypass tracts ( Fig. 8-87 and Fig. 8-88).



FIG. 8-86. Initiation of SVT using a slowly conducting bypass tract by sinus acceleration. Leads 1, 2, 3, V 1, and electrograms from the HRA and HBE are shown. The coronary sinus could not be cannulated in this patient. Following the second sinus complex, there was a slight acceleration of the sinus node to 560 msec, which was followed abruptly by the tachycardia using a slowly conducting left-sided bypass tract. The bypass tract is left-sided because of the negative P wave in lead 1. See text for discussion.



FIG. 8-87. Initiation of SVT using a slowly conducting bypass tract by atrial pacing. (The figure is arranged the same as Fig. 8-84.) Atrial pacing at a cycle length of 500 msec producing modest A–H prolongation initiates SVT that is due to a left-sided slowly conducting bypass tract.



FIG. 8-88. Initiation of SVT that is due to a slowly conducting bypass tract by a late-coupled APD. (The figure is arranged identically to prior figures.) Following two sinus complexes, a late APD with a coupling interval of 530 msec initiates SVT to a slowly conducting bypass tract despite the fact that there is a minimal A–H delay.



Ventricular stimulation can also initiate SVT using a concealed A–V bypass tract. In patients with a rapidly conducting bypass tract this occurs with little or no delay in retrograde conduction because block and/or concealment in the normal A–V conduction system must occur and conduction to the atrium must proceed solely over the bypass tract (Fig. 8-89). In our experience, SVT using a CBT can be initiated by VPDs much more readily than SVT that is due to A–V nodal reentry (60% vs. 10%). The initiation of SVT by a late-coupled VPD is virtually pathognomic for a CBT because initiation of A–V nodal reentry requires a very closely coupled VPD. Ventricular pacing also more frequently initiates SVT that is due to a CBT than to A–V nodal reentry, with success rates of 75% to 80% versus 40%, respectively ( Fig. 8-90).



FIG. 8-89. Initiation of SVT using a CBT by ventricular stimulation. A VPD delivered at a coupling interval of 420 msec initiates SVT that is due to a left-sided CBT. See text for discussion.



FIG. 8-90. Initiation of SVT using a CBT by ventricular pacing. Following a sinus complex, ventricular pacing is initiated at a cycle length of 500 msec. At the time of the first ventricular stimulus, atrial activation is purely sinus. On the second ventricular extrastimulus, atrial activation is a fusion of conduction over a left-sided bypass tract and over the A–V node. Following the third ventricular extrastimulus, block in the A–V node occurs as manifest by a prolongation of the V–A interval in the HBE, and conduction proceeds solely over the bypass tract located in the CS recording, and SVT ensues. See text for discussion.



The prime determinants for initiating SVT resulting from a CBT by ventricular stimulation are the extent of retrograde conduction and/or concealment in the normal pathway. Exclusive retrograde conduction over the bypass tract is necessary to initiate SVT, whereas in the normal A–V system, one of three events can occur: (a) block or concealment in the A–V node; (b) block in the His-Purkinje system; or (c) block in the bypass tract with retrograde conduction over the normal conduction system to the His bundle, producing a bundle branch reentrant complex (see Chap. 2), which subsequently leads to SVT ( Fig. 8-91). The initiation of SVT following a bundle branch reentrant complex is quite common, occurring nearly one-third of the time in response to VPDs delivered at a long basic drive cycle.



FIG. 8-91. Initiation of SVT using a CBT by a ventricular extrastimulus producing bundle branch reentry. (The figure is arranged as in Fig 8-60.) During ventricular pacing at 400 msec, a ventricular extrastimulus (S 2) is delivered at a coupling interval of 230 msec. This results in retrograde block in both the bypass tract and A–V node but is associated with a bundle branch reentrant complex. Following the bundle branch reentrant complex, which obviously has a left bundle branch block appearance, SVT over a left-sided bypass tract occurs. Note the presence of left bundle branch block aberration at the onset of the tachycardia. See text for discussion.



Ventricular stimulation during sinus rhythm or at long paced cycle lengths usually results in block in the His-Purkinje system and rapid conduction over the bypass tract. In such instances, the first A–H interval of the tachycardia will be shorter than subsequent A–H intervals, because the VPD will block in the His-Purkinje system and will not penetrate the A–V node. This thereby increases the effective coupling interval with which the A–V node is engaged, and results in a shorter A–H ( Fig. 8-92). With extrastimuli delivered at shorter paced cycle lengths, or during rapid ventricular pacing, both of which shorten HPS refractoriness, penetration to the A–V node usually occurs, producing some retrograde concealment in the A–V node. In this instance, when the impulse traverses the bypass tract to the atrium and then reexcites the ventricle over the normal A–V conducting system, A–V nodal delay will occur, and the first A–H interval of the tachycardia exceeds the subsequent A–H intervals. This may also occur with late coupled VPDs, as shown in Figure 8-89. In this latter instance, the interval of the atrial electrogram in the His bundle recording during sinus rhythm (A) to the retrograde A during conduction over the bypass tract (A r) is almost equivalent to the sinus interval, yet the A r –H interval (the first of the tachycardia) exceeds the sinus A–H interval by more than 100 msec. This demonstrates that the VPD penetrated the A–V node and did not block in the His-Purkinje system. In contrast, in Figure 8-92, two VPDs initiate SVT. The first beat of the tachycardia has an A–H of 110 msec, which is nearly 100 msec shorter than subsequent A–H intervals, yet the A–A preceding that A–H does not differ significantly from the A–A during the tachycardia. This is compatible with the second VPD blocking in the His-Purkinje system. Although ventricular stimulation can readily initiate SVT using a typical, fast-conducting bypass tract, less commonly, the uncommon, long R–P tachycardia is initiated by ventricular stimulation. This most likely is a result of the already impaired conduction in that bypass tract such that ventricular extrastimuli produce block in the bypass tract if they are too premature. However, ventricular extrastimuli delivered virtually simultaneously with the spontaneously occurring sinus beat when the His bundle is refractory can initiate the long R–P tachycardia in certain circumstances. In fact, the ability to initiate the tachycardia by a VPD when the His bundle is refractory is diagnostic of a slowly conducting bypass tract and distinguishes it from the uncommon form of A–V nodal reentry (125). With fast conducting bypass tracts, once a VPD initiates the SVT, the tachycardia continues until either (a) the retrograde refractory period of the bypass tract is reached and V–A conduction fails or (b) the atrial input over the bypass tract reaches the A–V node or His-Purkinje system when it is refractory and block occurs in the antegrade direction.



FIG. 8-92. Initiation of SVT using a CBT by VPDs producing block in the His-Purkinje system. (The figure is arranged similarly to others in this chapter.) Following two sinus complexes, two VPDs are delivered. The first is associated with retrograde activation over both the A–V node (early A in HBE) and a left-sided bypass tract (early A in CS). The second extrastimulus is associated with block in the His-Purkinje system so that conduction proceeds solely over the bypass tract and then down the A–V node. Because the block occurred in the His-Purkinje system on the second extrastimulus, the A–V node had time to recover. This is demonstrated by the shorter A–H interval of the initiating complex than the A–H intervals during the tachycardia. Note that this occurs even though the A–A interval, as measured in the CS, is identical at 320 msec. See text for discussion.



We have also seen adults with sick sinus syndrome who have marked bradycardia with junctional escape beats that initiate tachycardias. Tachycardias are initiated because the His bundle rhythm conducts normally in the antegrade direction and poorly if at all retrogradely. This allows this circulating wavefront to return to the atrium via the bypass tract and to reach an A–V node capable of antegrade conduction. These patients frequently manifest the bradycardia-tachycardia syndrome. The initiation of SVT by junctional escapes in children may also represent a similar mechanism, although these patients have not been studied in as great detail ( 133). Atrial Activation Sequence and P–QRS Relationship During Supraventricular Tachycardia During SVT using a CBT, the ventricle must be depolarized before retrograde conduction up the bypass tract. Atrial activation must therefore always follow ventricular activation at the insertion of the bypass tract and thus typically follows inscription of the QRS complex. With rapidly conducting bypass tracts, the conduction time over the bypass tract, as measured by the local V–A interval at the site of the earliest retrograde atrial activation, is 30 to 120 msec; thus, the R–P interval is short. In SVTs using a rapidly conducting bypass tract, the R–P interval is typically shorter than the P–R interval, giving an R–P/P–R ratio of less than 1. This is obviously not the case in SVTs using slowly conducting bypass tracts in which the R–P interval is longer than the P–R interval (R–P/P–R, greater than 1). One of the hallmarks of a fast conducting bypass tract is that the R–P interval remains fixed, regardless of the tachycardia cycle length, oscillations in cycle length from whatever cause, or changes in the P–R (or A–H) intervals. The tachycardia cycle length is most closely associated with the P–R interval (antegrade conduction). Because the R–P interval remains fixed, the R–P/P–R ratio can obviously change, depending on A–V conduction and tachycardia cycle length. For example, a patient with an SVT having a cycle length of 350 msec and an R–P interval of 150 msec will have an R–P ratio of .75 (150/200). If, however, the tachycardia cycle length is reduced to 250 msec, then the R–P/P–R ratio will be 1.5 (150/100). Thus, the absolute value of R–P interval, and its fixed relationship to the preceding QRS, is more important diagnostically than R–P/P–R ratios, particularly when cycle lengths are less than 300 msec (i.e., heart rates greater than 200 bpm). An example of an SVT with two different cycle lengths that are due to two different P–R intervals secondary to dual A–V nodal pathways is shown in Figure 8-93. During the short cycle length of 295 msec, the R–P/P–R ratio is approximately 1, whereas during the slow tachycardia with a cycle length of 400 msec, the R–P/P–R ratio is much less than 1. In both cases, retrograde conduction (i.e., the V–A interval) is identical. Only the difference in antegrade conduction over either the fast or slow conducting A–V nodal dual pathways alters the tachycardia cycle length and the R–P/P–R ratio.



FIG. 8-93. Dual A–V nodal pathways causing two distinct tachycardia cycle lengths during SVT using a CBT. (The tracing is organized as in Fig. 8-80.) On the left, a tachycardia is present with a cycle length of 295 msec as antegrade conduction proceeds over the fast A–V nodal pathway. In the right-hand panel, the second tachycardia with a cycle length of 400 msec is present with an identical retrograde activation sequence and identical R–P intervals. The tachycardia is slower because antegrade conduction proceeds over the slow A–V nodal pathway. The R–P interval remains fixed, regardless of changes in cycle length. See text for discussion.



In the presence of a CBT, the relationship of atrial activation and/or the P wave to the QRS complex is generally constant over a wide range of ventricular paced rates and coupling intervals of VPDs and during SVT cycle lengths in the absence of aberration. Small increases in the V–A interval may appear in response to early coupled VPDs or very rapid pacing because of several reasons. First, at short coupling intervals or paced cycle lengths, intramyocardial conduction delay can occur, producing a prolonged V–A interval. Second, short cycle lengths or coupling intervals may encroach on the refractoriness of the bypass tract, causing some decremental conduction. Third, rarely, one can observe longitudinal dissociation in the bypass tract such that it can exhibit a short and long conduction time. Finally, an increased V–A interval is the rule when one stimulates from the chamber contralateral to a free-wall bypass tract (e.g., right ventricular stimulation with a left-sided bypass tract). This phenomenon is identical to the spontaneous effect of bundle branch block ipsilateral to the bypass tract (see following). An increase in the V–A conduction time in response to ventricular pacing has been used as a diagnostic criterion for a free-wall bypass tract in the ventricle contralateral to the site of stimulation. Weiss et al. ( 134) demonstrated an increase in V–A intervals of 15 to 65 msec (46 ± 15 msec) during right ventricular stimulation in patients with a left-sided bypass tract but no change in those with septal bypass tracts. Paradoxically shorter V–A intervals may be observed during right ventricular stimulation in the presence of right free wall bypass tracts. To distinguish intramyocardial delay from delay in the bypass tract, one must analyze the atrial and ventricular electrograms at the bypass tract site (e.g., the coronary sinus electrogram for left-sided bypass tracts). In the majority of patients in whom the V–A interval increases in response to rapid pacing or VPDs, the local V–A interval at the site of the bypass tract does not significantly change, although some change may be noted if the bypass tract has a slanted course from ventricle to atrium (see Chapter 10). In this latter instance, the change is related to a different activation wavefront approaching the ventricular insertion of the bypass tract. Once engaged from a different direction, there will be a change in local V–A interval, which thereafter remains fixed regardless of the paced rate. This suggests that in those instances in which a V–A delay occurs in response to ventricular stimulation, the delay results from a change in intramyocardial activation. The V–A remains constant if ventricular activation remains unchanged. Although the presence of persistently short and fixed V–A intervals at rapid paced rates is the rule when fast conducting bypass tracts are operative, similar rapid and apparently fixed V–A conduction can be observed in typical AVNRT. Thus, this finding alone should not be considered diagnostic of a bypass tract, as some investigators have suggested ( 81). Analysis of the pattern and timing of atrial, His, and ventricular electrograms during SVT and pacing can clearly distinguish the two. The retrograde atrial activation sequence will be eccentric if the bypass tract is located on the free wall of atria, that is, if it is nonseptal. Detailed atrial mapping is of paramount importance in evaluating SVT. The atrial activation sequence during SVT using a CBT and ventricular pacing at comparable cycle lengths to the SVT should be identical. Thus, if SVT cannot be induced, one may analyze the retrograde atrial activation sequence during ventricular pacing to localize the site of atrial insertion of the CBT. The investigator, however, should be aware that during ventricular pacing activation to the atria may proceed over both the normal atrioventricular conduction system and the bypass tract, leading to a fusion of atrial activation. This may occur even at paced cycle lengths comparable to the SVT cycle length, particularly in the presence of a left-sided bypass tract during RV stimulation. The activation sequence during ventricular pacing then would be misleading. Therefore, when using the atrial activation sequence during ventricular pacing to localize the bypass tract, it is necessary to demonstrate that conduction proceeds solely over the bypass tract during ventricular pacing. Occasionally, the use of verapamil or adenosine may be required to produce block in the A–V node, thereby ensuring that retrograde conduction proceeds only over the bypass tract. Analysis of retrograde activation during SVT is preferred because atrial fusion is not possible if a single bypass tract is present. An example of a comparison of retrograde activation during SVT in ventricular pacing is shown in Figure 8-94. It can be readily seen that retrograde atrial activation in both the right and left atrium is identical during SVT and ventricular pacing. Demonstration of fusion of atrial activation during SVT suggests the presence of multiple bypass tracts (see Chap. 10). Changes in atrial activation, either spontaneously or in response to ventricular stimulation, can demonstrate the presence of multiple bypass tracts ( Fig. 8-95). Eccentric atrial activation during SVT and during ventricular pacing is diagnostic of CBT of the free wall of the right or left ventricle. If the bypass tract is opposite the site of ventricular stimulation, the V–A interval prolongs during pacing.



FIG. 8-94. Retrograde atrial activation during SVT and ventricular pacing. From top to bottom are leads 1, aVF, and V 1 and electrograms from the HRA, mid right atrium (MRA), low right atrium (LRA), HBE, and proximal, mid, and distal (CS). Normal sinus rhythm (NSR), SVT, ventricular pacing (V PACE) are shown. During SVT, earliest retrograde atrial activation can be seen in the distal CS with a smooth radial spread to the mid- and proximal CS, HBE, LRA, MRA, and HRA. During V PACE, the retrograde atrial activation sequence is identical. The only difference is the lengthening of V–A intervals, which is characteristic of left-sided bypass tracts during right ventricular pacing. See text for discussion.



FIG. 8-95. Demonstration of multiple bypass tracts during circus movement tachycardia. Leads II and V1 are shown with electrograms from the HRA, distal (d) and proximal (p) HBE and proximal to distal CS. For the first two complexes atrial activation in CS2 is earliest. On the fourth complex block occurs at CS2 and earliest



activity occurs simultaneously at CSd and CS4. These findings suggest the presence of three bypass tracts.



Although an atrial tachycardia usually has “eccentric” atrial activation, the earliest site of atrial activation during SVT using a CBT is always adjacent to the mitral or tricuspid annulus and is identical to that produced by ventricular stimulation. Atrial tachycardias are uncommonly located near the annuli, and retrograde atrial activation over the AV node shows a “normal” midline pattern during ventricular stimulation, which differs from the pattern during SVT. Of course, a similar pattern of activation could be produced if atrial tachycardia arose in the same region as a septal bypass tract. Thus, eccentric atrial activation during ventricular pacing is of greater diagnostic value than eccentric atrial activation during a tachycardia alone; an atrial tachycardia must be excluded. Free-wall left atrial sites are invariably recorded from the coronary sinus. Recordings should be made using a multipolar catheter and, if possible, one should demonstrate later activation on either side of the earliest site. This may not be possible if the most distal coronary sinus is not reached. In such cases more distal left atrial sites must be mapped through a patent foramen ovale or via a transseptal approach ( Fig. 8-96). Mapping the right atrium along the tricuspid valve is more difficult. If careful mapping is not performed in patients with a right lateral CBT, the high-right atrium might be activated earlier than the atrium recorded in the His bundle electrogram, producing an “apparent” high-low activation sequence, and may result in a misdiagnosis of sinus node reentrant SVT or intra-atrial reentrant SVT. Thus, careful mapping of multiple sites around the tricuspid and mitral valves is required for proper diagnosis. This may require a superior vena cava approach and/or the use of catheters with deflectable tips. Specially designed multipolar catheters that can record around the tricuspid ring can be especially useful. This could be a specially designed “halo” catheter or a deflectible 10–20 pole catheter which can be positioned around the tricuspid annulus. While some investigators have employed a fine catheter in the right coronary artery, the potential for endocardial damage and subsequent long-term development of coronary atherosclerosis exists; therefore, I believe this technique should be avoided.



FIG. 8-96. Use of multiple CS and left atrial recordings to localize a bypass tract. From top to bottom are leads 1, aVF, and V 1 and electrograms from the four bipolar electrograms obtained from the CS from a catheter that could only pass through a lateral wall. Recordings from the superior left atrium cannot be obtained from the CS and must be acquired via a patent foramen ovate to record near the superior entrance of the left atrial appendage (LAA). Note earliest activation is in the lateral left atrium with spread to the superior and inferior left atrium thereafter. Note the extremely short V–A interval of 70 msec despite the lateral location of the bypass tract.



Septal bypass tracts, either anterior or posterior, demonstrate a “normal” retrograde atrial activation sequence during SVT (i.e., earliest atrial activation in the HBE or os of the coronary sinus), and other criteria are required to ascertain their presence. Heterogeneous atrial activation (i.e., multiple breakthroughs) is not seen with single bypass tracts or atrial tachycardias, whereas it is common during AVNRT. Thus, the presence of multiple breakthroughs should suggest a diagnosis of AVNRT or multiple bypass tracts. Because SVT using a CBT must first go to the ventricle before returning to the atrium, the R–P and hence V–A interval is longer than that in typical A–V nodal reentry in which the atria and ventricle are activated nearly simultaneously. However, in atypical AVNRT, as well as intermediate forms of AVNRT, the R–P interval may overlap with that observed in SVT using a CBT. As expected, the V–A intervals measured from intracardiac electrograms are more accurate than R–P intervals. Using the earliest atrial activation measured in either the high-right atrium, coronary sinus, or A–V junction, the shortest V–A intervals during typical A–V nodal reentry ranged from –40 to +75 msec. In atypical A–V nodal reentry, the R–P is long and the V–A is long, with earliest activation usually exceeding 150 msec. In patients with a single, rapidly conducting CBT used as the retrograde limb of the tachycardia, the earliest retrograde atrial activation we have recorded is 58 msec with a range of 58 to 172 msec during normal ventricular activation. It is of interest that in SVT caused by CBT, the shortest V–A intervals we have seen were in patients with left free-wall bypass tracts ( Fig. 8-97). The shortest V–A interval we have observed in a septal bypass tract in an adult patient is 70 msec. In our experience a cutoff of 65 msec provided the best discriminative value, with a positive predictive value of 95% for both typical A–V nodal reentry (65 msec). However, these criteria misclassified 3% of SVTs in CBTs and 5% of patients with typical A–V nodal reentry. If we were to use a 70-msec cutoff, we could separate septal CBT from A–V nodal reentry, but we would misclassify 8% of nonseptal CBTs. Thus, 70 msec is a better discriminator for septal CBT at the expense of accuracy for CBT located elsewhere. This is nearly identical to the data of Ross and Uther ( 123), who found that a V–A interval of 60 msec was the best value to discriminate between the two. Using a value above 60 msec, they correctly identified 98% of patients with SVT using CBTs and 89% of patients with A–V nodal reentry. Conversely, they misclassified 11% of patients with A–V nodal reentry and 2% of circus movement tachycardias using CBTs. Thus, the V–A interval is a useful diagnostic measurement. These values; however, can only be applied to adults or adult-sized patients. The normal values for children, who can have very narrow QRS, depending on their size, has not been established.



FIG. 8-97. SVT using a CBT at an extremely short V–A interval. (The tracing is organized as in Fig. 8-81.) SVT is present at a cycle length of 310 msec, with earliest activation recorded in the distal CS. The V–A interval is 60 msec, showing within a range of 5% of patients with A–V nodal reentry. See text for discussion.



We found that comparing the differences in H–A intervals (using the His-to-right atrial appendage electrogram between SVT and ventricular pacing at the same rate) provides the best discrimination for identifying the SVTs that are due to CBT and that are due to A–V nodal reentry. The basis for this measurement is that during ventricular pacing the H and A are activated in series in A–V nodal reentry but in parallel in patients with bypass tracts; the opposite is true during SVT ( 135). As a result, the delta H–A interval (H–A svt – H–Apace) can distinguish SVT that is due to A–V nodal reentry from septal bypass tract. In Figure 8-98, one can see that if a delta H–A greater than 10 msec is used as a cutoff, the mechanism of the tachycardia could be correctly identified in 100% of cases. A limitation of this method is that the H–A interval cannot be measured during ventricular pacing in approximately 15% of cases. In that situation, one can compare the H–A interval in SVT and the V–A interval during pacing. Although the separation of the two types of SVT is not quite as good as that when the delta H–A is used, no overlap occurs between the patients with A–V nodal reentry and those with septal bypass tracts ( Fig. 8-99). Thus, both methods provide excellent criteria for distinguishing patients with bypass tracts from those with A–V nodal reentry. Analog tracings in which the H–A interval during SVT and ventricular pacing is compared in a patient with a fast and slowly conducting bypass tract are shown in Figure 8-100 and Figure 8-101. Because retrograde activation of the His and the atrium occur in parallel during ventricular



pacing, the H–A interval is shorter than that during the tachycardia ( 135). Other methods to distinguish V–A conduction over a septal bypass tract from V–A conduction over the A–V node when SVT cannot be induced include the use of Para-Hisian pacing or simply comparing the V–A interval during pacing at the base of the heart to the V–A interval during pacing from the RV apex. The latter is much easier and just as accurate. Since bypass tracts are located at the A–V groove along the annulus, pacing from the base of the RV near the tricuspid annulus will have a shorter V–A interval than when pacing at the apex. The opposite is true when conduction proceeds over the A–V node, which requires engagement of the RBB. Para-Hisian pacing is used to compare the retrograde activation sequence and timing during pacing at the RV base using low current and during capture of the His bundle at high current ( 104). If the V–A remains fixed regardless of whether or not the His bundle is retrogradely activated, a bypass tract is present. If the atrial activation sequence and timing move in tandom with the His bundle, conduction over the AV node is present. If there is a change in activation depending upon whether or not the His bundle is captured, conduction over both the AV node and a bypass tract is present. I believe this technique has limitations because of the possibility of simultaneous atrial and His bundle capture during high current stimulation and the possibility that the atrial activation over the A–V node may change if the His is captured early. One of the most important methods of diagnosing the presence and participation of retrogradely conducting bypass tracts during SVT is the ability of a VPD to depolarize the atrium, with the same atrial activation sequence as SVT when the His bundle is refractory (18,64,65,122,123,125,136). This will be discussed in subsequent paragraphs.



FIG. 8-98. Use of the difference of H–A intervals during SVT in pacing to distinguish A–V nodal reentry and septal bypass tracts. The difference in H–A intervals during SVT and ventricular pacing are shown in patients with A–V nodal reentry and those with septal bypass tracts. There is a large separation between the two groups. A delta H–A interval of +10 msec would accurately identify all patients with A–V nodal reentry and those with septal bypass tracts with no false-positives. See text for discussion.



FIG. 8-99. Use of H–A interval minus V–A interval during ventricular pacing to distinguish A–V nodal reentry from septal bypass tracts when a retrograde His bundle deflection cannot be determined during ventricular pacing. The difference between the H–A interval during SVT and the V–A interval during ventricular pacing accurately separates those patients with A–V nodal reentry and separate bypass tracts if one uses a value of –30 msec. See text for discussion.



FIG. 8-100. Comparison of the H–A interval during SVT and that during ventricular pacing in a patient with a posteroseptal bypass tract. A. During SVT, the H–A interval as measured in the HRA recording is 199 msec ( dotted lines). B. During ventricular pacing at the same cycle lengths as SVT, a retrograde His deflection can be seen. The H–A interval is 105 msec. Thus, the delta H–A interval is 94 msec. See text for discussion.



FIG. 8-101. Comparison of the H–A interval during SVT and ventricular pacing in a patient with a slowly conducting posteroseptal bypass tract. SVT using a slowly conducting posteroseptal bypass tract is shown on top. The H–A interval in the HBE is 325 msec. On the bottom, during ventricular pacing at a slightly faster rate than SVT, the H–A interval is 150 msec. See text for discussion.



The locations of CBT are similar to those in overt preexcitation ( Table 8-6). Of 726 patients with SVT due to a CBT, we found evidence of more than one bypass tract (five with three CBTs) in 74 patients. Of 652 patients with a single bypass tract, 586 CBT were rapidly conducting, and 66 CBT were slowly conducting. The locations of the fast-conducting CBT were left free wall, 352 (60%); posteroseptal, 160 (27%); anteroseptal, 27, (5%): and right free wall, 47 (8%). Of the 66 slowly conducting CBT, 27 were left free wall (left lateral or left posterior), 31 posteroseptal, 5 right free wall, and 3 anteroseptal. Thus, the most common site of slowly conducting CBTs is septal, but they can occur anywhere. Of note, we have almost as many left free wall slowly conducting bypass tracts as septal. Although the distribution of bypass



tracts in patients with and without preexcitation is similar, we have a much higher incidence of multiple bypass tracts in patients with overt preexcitation (25% vs. 10%). This may merely be a selection bias of referred patients.



TABLE 8-6. Criteria for A–V Reentrant SVT



Effect of Bundle Branch Block During Supraventricular Tachycardia Using Concealed Bypass Tracts Patients with CBTs have a higher incidence of developing bundle branch block at the onset of tachycardia than do patients with A–V nodal reentry. These findings are consistent with data from other investigators ( 15,16,122,123,137) and are particularly true with left bundle branch block aberration. In our experience paroxysmal SVT with sustained left bundle branch block aberration results from a CBT 90% of the time. The high incidence of bundle branch block in SVT resulting from CBT induced by APDs is multifactorial. Some patients with CBTs may have relatively short A–H intervals with rapid A–V nodal conduction and/or longer His-Purkinje refractoriness. In these patients, an APD will be more likely to encroach on the refractory period of the His-Purkinje system, causing bundle branch block. In Figure 8-102, both left and right bundle branch block are induced in the same patient. Note the short A–H interval during sinus rhythm (60 to 70 msec). Left bundle branch block develops at a relatively long H 1–H2 of 460 msec. In both instances, aberration rapidly diminishes, suggesting a normal response of His-Purkinje system refractoriness to shortened cycle length. The ability to achieve short H 1–H2 intervals due to enhanced AV nodal conduction may be responsible for the development of aberration when His-Purkinje refractoriness is normal.



FIG. 8-102. Initiation of SVT using a left-sided CBT with aberration. A. and B. Atrial extrastimuli are delivered during sinus rhythm. A. An APD initiates SVT, beginning with two beats manifesting left bundle branch block aberration The H 1–H2 at which left bundle branch block develops is 460 msec. B. An APD initiates SVT with right bundle branch block aberration. The H 1–H2 in which right bundle branch block occurs is 370 msec. See text for discussion.



In contrast, a relatively low incidence of bundle branch block at the onset of the AVNRT is most likely due to the fact that typical AVNRT develops only during slow pathway conduction, which results in an input to the His-Purkinje system that exceeds its relative refractory period. As such, bundle branch block would be expected to be an uncommon finding. Another possible explanation, particularly in the case of left bundle branch block, is that the patient population is selected. Because most CBTs are left-sided, the left bundle branch block may provide the necessary slowing of conduction required for SVT. Thus, these patients come to our attention only because of their SVT, which requires left bundle branch block for the critical delay necessary to sustain reentry. The mode of initiation also plays an important role in determining the incidence and type of bundle branch block. Aberration is more likely when stimulation is performed during sinus rhythm or during long drive cycle lengths during which His-Purkinje refractoriness is longest and AV nodal conduction and refractoriness are shortest. In addition, during atrial stimulation, right bundle branch block is twice as common as left bundle branch block, while during right ventricular stimulation, the type of aberration is almost always left bundle branch block. The response to atrial stimulation merely reflects the normal differences of refractoriness of the right and left bundle branch. During right ventricular stimulation, initiation of left bundle branch block aberration, either directly from V 2 or from a bundle branch reentrant complex, results from retrograde concealment in the left bundle branch (see Fig. 8-91 and Fig. 8-92). In this situation, the left bundle branch will always recover after the right bundle branch; therefore, if aberration occurs it will always take the form of left bundle branch block or conduction delay. The incidence of aberration is greater with ventricular stimulation (75%) than with atrial stimulation (50%). Lehmann et al. ( 137) found virtually identical results in patients with preexcitation and orthodromic SVT. Our incidence of aberration with APDs is slightly higher because we delivered APDs during sinus rhythm as well as during atrial pacing. Because part of the ventricles is a required component of the reentrant circuit, bundle branch block on the same side as the bypass tract should produce a slowing of the tachycardia secondary to a lengthening of the size of the reentrant circuit resulting from lengthening of the V–A conduction time ( 15,16,18,49,60,122,123,138,139 and 140). An example of this phenomenon is given in Figure 8-103, where the earliest site of atrial activation is in the left atrium. The local V–A time remains the same whether or not left bundle branch block is present. However, the V–A interval measured from the onset of the QRS is prolonged by 60 msec in the presence of a left bundle branch block (150 vs. 90 msec). Note that the tachycardia cycle length changes only by 50 msec (350 vs. 300 msec). This results because the longer V–A interval during left bundle branch block produces a shorter A–H interval than during conduction with a narrow QRS. When the initial input into the A–V node is shorter, it results in an increase in the A–H interval. Thus, despite the 10-msec increase in the H–V interval during left bundle branch block, a 20-msec decrement in the A–H interval overcompensates for this. In fact, a paradoxic shortening of tachycardia cycle length during bundle branch block can be seen if marked shortening in A–V nodal conduction occurs in response to the prolonged changing V–A intervals ( 123). For example, the sudden earlier input to the A–V node with normalization of the QRS could result in a dual-pathway response, resulting in a lengthening of the tachycardia cycle length during normal QRS. We have observed this phenomenon several times. A dramatic example of this phenomenon is shown in Figure 8-104 in which SVT with LBBB is associated with fast pathway conduction and a short cycle length. However, the V–A interval is long because of the presence of a left free-wall bypass tract. Slow pathway conduction is associated with SVT with a narrow QRS, resulting in a longer cycle length, but a shorter V–A interval. Most often, the tachycardia cycle length increases in concordance with the V–A interval; however, because of compensatory changes in A–V nodal and potentially also in His-Purkinje conduction, changes in tachycardia cycle length are diagnostically less useful.



FIG. 8-103. Effect of left bundle branch block on V–A interval and tachycardia cycle length in SVT using a left-sided CBT. Leads 1, aVF, and V 1 are shown with electrograms from the low-right atrium (LRA), the lateral left atrium (LA), the HBE, and the RV. On the left part of the tracing, left bundle branch block is present. The V–A interval is 150 msec with measures in the LA recording. The H–V interval is 60 msec, and the tachycardia cycle length is 350 msec. The QRS normalizes on the right, resulting in a shortening of the V–A interval to 90 msec, the H–V interval to 50 msec, and the tachycardia cycle length to 300 msec. See text.



FIG. 8-104. Shortening of SVT cycle length on developing ipsilateral bundle branch block despite lengthening of the V–A interval. The figure is organized as is Fig. 8-97. During narrow complex tachycardia (left) using a left-sided bypass tract the cycle length is 400 msec and the V–A interval is 60 msec. On the right, during LBBB, the V–A lengthens to 150 msec, but the cycle length is paradoxically shortened due to switch in conduction to the fast A–V nodal pathway. See text for discussion.



Lengthening of the SVT cycle length, and more specifically the V–A interval, by ³35 msec on development of bundle branch block is diagnostic of a free-wall bypass tract located on the same side as the blocked bundle ( 16,17,123,138,139). If bundle branch block develops on the side of the heart contralateral to the bypass tract, the V–A interval will not change. This can be seen in Figure 8-105, in which SVT using a left-sided CBT is shown during right bundle branch block (left), normal conduction (middle), and left bundle branch block (right) bundle branch aberration. Thus, patients with left-sided bypass tracts show prolongation of V–A interval with left bundle branch block, and those with right-sided bypass tracts show a V–A prolongation with right bundle branch block. Bundle branch block during SVT using septal CBTs produces either no increase in the V–A interval or an increase £25 msec ( 138,139). Kerr et al. (139) demonstrated that, in the case of posteroseptal bypass tracts, left bundle branch block can produce a small increase in the V–A interval (13 ± 8 msec), whereas in those with anteroseptal bypass tracts, right bundle branch block is associated with a small increase in the V–A interval (16 ± 9 msec). In a few patients, they observed changes between 25 and 35 msec during SVT using bypass tracts that they determined were septal in origin. As stated, it is the change in V–A interval that is critical. Because bundle branch block contralateral to a free-wall CBT or associated with septal bypass tracts results in insignificant changes in the V–A interval, the P wave may fall inside the widened QRS. This can be mistaken for A–V nodal reentry by surface ECG criteria. Intracardiac studies are necessary to make the correct diagnosis.



FIG. 8-105. Effect of bundle branch block on SVT using a left-sided CBT. A. SVT with RBBB (left), normal conduction (middle), and LBBB (right) are compared. SVT cycle length and V–A conduction are prolonged by 50 and 60 msec, respectively (350 vs. 300 msec and 150 vs. 90 msec) during LBBB, a phenomenon that is diagnostic of a left-sided bypass tract. Note that during RBBB there is no effect on tachycardia cycle length or V–A interval. B. The mechanism of LBB is depicted schematically. See text for discussion.



Programmed ventricular stimulation can be used to demonstrate the effect of bundle branch block if it is not present during the tachycardia. An increase in the V–A interval of >45 msec during right ventricular stimulation is diagnostic of a left-sided free-wall bypass tract ( 134). The increased time to reach the bypass tract is the reason for failure of a right ventricular extrastimulus to preexcite the atrium during SVT using a left lateral bypass tract. In effect, right ventricular stimulation is an “artificial” left bundle branch block. Moreover, both the development and abolition of bundle branch block by single or multiple ventricular extrastimuli during SVT is another means of assessing the effects of functional bundle branch block on SVT ( 140). This technique is of particular value if bundle branch block persists during the tachycardia and results from repetitive retrograde concealed conduction. The abolition of bundle branch block should result in a shortening of the V–A interval if the bundle branch block is ipsilateral to the bypass tract ( Fig. 8-106). As stated, because a shorter V–A interval may lengthen subsequent A–H and/or H–V intervals, a balanced situation may be created, and no change in cycle length or, paradoxically, an increase in cycle length may be noted.



FIG. 8-106. Use of ventricular stimulation to normalize aberrant conduction during SVT. SVT with LBBB is present in the first four complexes. A short burst of



ventricular pacing (S, arrow) at 300 msec results in a normalization of the QRS complex, which is associated with a decrease in SVT cycle length (from 400 msec to 360 msec) and abbreviation of VA conduction. Those findings are consistent with a left-sided bypass tract. See text for discussion.



Requirement of Atrium and Ventricle During Supraventricular Tachycardia Using Concealed Bypass Tracts The reentrant circuit responsible for SVT using a CBT incorporates the atria and ventricles. Continuation of a tachycardia in the presence of A–V or V–A block, regardless of the site of block, rules out a CBT as a functioning part of the reentrant circuit. Conversely, in patients with clinical episodes of SVT, the failure to initiate a tachycardia by APDs that block in the A–V node or His-Purkinje system may be the first clue that a CBT is operative. If APDs are delivered during a long basic drive cycle length, or during sinus rhythm, which increases His-Purkinje refractoriness and decreases A–V nodal refractoriness (see Chap. 2), infra-nodal block may result and prevent initiation of the tachycardia. This mechanism for failure to initiate the tachycardia can be overcome by repeating the stimulation protocol at a shorter drive cycle length, which will both shorten His-Purkinje refractoriness and increase A–V nodal refractoriness, thereby allowing conduction of the APD to ventricle and reentry over the CBT. Of note, in virtually all patients in whom tachycardias using CBTs cannot be initiated by APDs delivered at long drive cycle lengths because of His-Purkinje block, SVT can be initiated by ventricular stimulation, which requires retrograde His-Purkinje block to develop circus movement tachycardia. Thus, during sinus rhythm, initiation of tachycardia from the ventricle is often easier than from the atrium. On the other hand, if atrial stimulation is performed using too short a basic drive cycle length, the APDs may block in the A–V node, and SVT then cannot be initiated. In this case, SVT may be induced by repeating the study at longer drive cycle lengths or after administration of drugs that will facilitate A–V nodal conduction by decreasing A–V nodal refractoriness (e.g., atropine). After the tachycardia is initiated, the investigator can evaluate how much of the atria and ventricles are requisite components of the reentrant circuit in SVT using a CBT. This can be done by analyzing the extent of the atria that can be depolarized by APDs or atrial pacing without disturbing the tachycardia. Those areas, which can be captured without influencing the SVT, can be considered not necessary. We uniformly found that, in patients using left-sided bypass tracts, we can capture the right atrial electrograms without influencing the tachycardia ( Fig. 8-107). Compensatory A–V nodal delay in response to a single APD may, however, mimic a response that suggests failure to influence the tachycardia. Thus, failure of an APD to influence the SVT should be demonstrated over a range of coupling intervals, or for several consecutive paced beats at cycle lengths shorter than the tachycardia, because in either of these cases, exact compensatory A–V nodal delay over the entire range of intervals or consecutive paced complexes would be highly unlikely ( Fig. 8-108). In an analogous fashion we have been able to capture left atrial sites in patients with right free-wall and anteroseptal bypass tracts. We have not been able to dissociate all electrograms in the AV junction (i.e., at the os of the coronary sinus or proximal His bundle recording site) during posteroseptal tachycardias. These findings suggest that differential input to the A–V node occurs and that only parts of the atrium ipsilateral to the bypass tract are requisite components of the reentrant circuit. Morady et al. ( 141,142) also demonstrated lack of contralateral atrial tissue participating in the reentrant circuit. In contrast to our observations they reported that the low septal right atrial (in the His bundle electrogram) and coronary sinus os electrograms could be simultaneously dissociated from orthodromic tachycardia in two of six patients with posteroseptal bypass tracts and suggested that little or no atrial myocardium is required for SVT in such patients ( 141). However, on close measurement of the data purporting to demonstrate this finding (Fig. 4 in reference 141), when the coronary sinus electrogram was captured, both the His bundle and ventricular electrograms were slightly advanced. Thus, there is no adequate documentation that the atrial tissues surrounding the A–V node can be dissociated from SVT using a posterior septal CBT. Nevertheless, it is theoretically possible if the imput to the A–V node occurred over the left atrial extension of the A–V node.



FIG. 8-107. Use of an atrial stimulus to demonstrate right atrial activation is unnecessary to maintain tachycardias using a left-sided CBT. Leads 2, V1, and V5 are shown with electrograms from the HRA, the os of the CS, the HBE, and five other bipolar electrograms from the CS, CS 1 being distal and CS 5 being proximal. SVT is present at a cycle length of 318 msec, with the site of earliest activation in bipolar pair 2 in the CS. Atrial activation spreads from there, as shown following the second QRS complex. An S2 is delivered from the HRA, captured in the HRA and the atrium at the A–V junction in the HBE prematurely, as shown by the down arrows. The A1–A 2 in the HBE is advanced to be 290 msec. Retrograde activation in the left atrium, as manifest by activation sequence in the CS electrograms is unchanged, as is the H1–H2 interval and the tachycardia cycle length. See text for discussion.



FIG. 8-108. Use of rapid pacing to dissociate right and left atrial electrograms during SVT using a left-sided bypass tract. (The figure is organized the same as Fig. 8-107). The tachycardia cycle length at this time is 310 msec. Following the second QRS, high-right atrial pacing is begun at a cycle length of 280 msec for five complexes. Not only is the HRA captured but the fourth and fifth atrial extrastimuli also capture the low septal atrium and the His bundle recording. The His bundle activation remains unchanged, as does activation in all CS electrograms. The sequential capture of the right atrium, including that recorded in the HBE, fails to alter the tachycardia, suggesting lack of necessity of these right atrial sites.



Analysis of how much of the ventricles is involved is also possible. It is well-known that right ventricular extrastimuli often fail to influence SVT using a left free-wall bypass tract. As noted, this occurs because the ventricular stimulus is delivered far from the tachycardia circuit. The local ventricular refractory period, intraventricular conduction time to the circuit, and tachycardia cycle length all influence the ability of the right ventricular stimulus to reach the reentrant circuit to influence it. Saoudi et al. (143) demonstrated dissociation of the right ventricle from the tachycardia circuit during attempts at entrainment of circus movement tachycardias using left-sided bypass tracts. Conversely, Ormaetxe et al. ( 144) demonstrated that RV pacing, which entrains SVT using a left-sided CBT, can never manifest fusion because the LV must be captured by the stimulated impulse in order to produce entrainment. This preempts LV activation over the left bundle branch, so that no fusion is possible. In contrast, fusion is possible if septal bypass tracts are operative ( 144). Both Benditt et al. (136) and Miles et al. (145) also noted the inability of ventricular extrastimuli delivered over a wide range of coupling intervals to influence tachycardias with bypass tracts contralateral to the stimulation site. Thus, only parts of atria and ventricle ipsilateral to the CBT are requisite components of orthodromic tachycardias using CBT. Atrium and ventricle contralateral to the bypass tracts seem unnecessary to maintain circus movement tachycardia. As noted, the development of bundle branch block ipsilateral to the bypass tract increases the extent of ventricular participation such that the contralateral ventricle becomes



required to maintain the arrhythmia. Thus, the tachycardia circuit can change size based on physiologic changes in ventricular, and theoretically, atrial activation patterns. Other specific responses to programmed stimulation during the tachycardia in the presence or absence of bundle branch block are discussed subsequently. Electrical Stimulation During Supraventricular Tachycardia Using a Concealed Bypass Tract Because the reentrant circuit in orthodromic tachycardia using a CBT involves part of both the atria and ventricles, stimulation from either chamber can affect tachycardias, even rapid ones (e.g., rates greater than 200 beats per minute). The ability to alter the tachycardia is related to the proximity of the stimulation site to the reentrant circuit. In patients with SVT due to CBTs, it is difficult to depolarize both atria prematurely without affecting the tachycardia. Although we and others have demonstrated that all the atrium is not necessary for a given circus movement tachycardia ( 141,142), in most patients, APDs delivered over a range of coupling intervals can reset the tachycardia by penetrating the normal A–V conducting system before it would have been depolarized by the atrial wavefront resulting from retrograde conduction via the bypass tract ( Fig. 8-109). Atrial activation in this instance is usually a fusion of antegrade activation produced by the APD and retrograde activation produced via the bypass tract. Depending on the resultant A–H interval produced by the APD that resets the tachycardia, the next QRS may be early or late. An example of fusion of atrial activation during resetting is shown in Figure 8-110. In this instance, the first of two consecutively delivered APDs initiates circus movement tachycardia using a left-sided bypass tract, as demonstrated by early activation in the coronary sinus atrial electrogram. The second APD preempts retrograde activation of the right atrium by the bypass tract and conducts antegradely down the right atrium to the low atrial septum and the A–V node to capture the His bundle prematurely, thus resetting the tachycardia and advancing it. Therefore, following the second stimulus, atrial activation is a fusion of antegrade depolarization by the stimulated APD and retrograde depolarization (CS electrogram) over the bypass tract. Occasionally, the APD can actually penetrate the CBT antegradely and still reset the SVT. In this case, the atria are activated only by the APD—no fusion is present.



FIG. 8-109. Resetting and termination of SVT using a CBT by an APD. SVT is present as a cycle length between 510 and 515 msec. Following a third complex, an APD is introduced from the HRA at 280 msec, which penetrates the tachycardia and resets it without terminating it. In the bottom panel, an earlier APD terminates the tachycardia by blocking in the A–V node.



FIG. 8-110. Initiation and resetting of SVT using two extrastimuli. Following two sinus complexes, an APD is introduced in the HRA, which initiates SVT using a left-sided bypass tract. See the early activation of CS atrial electrogram following QRS. A second extrastimulus is introduced simultaneous with the QRS, which captures the HRA and conducts through the A–V node to reset the tachycardia, which continues with left bundle branch block aberration. During the second extrastimulus, two wavefronts are present in the atrium, one from the initiated SVT and one from the atrial extrastimulus. See text for discussion.



Earlier APDs can terminate CMTs by multiple mechanisms: (a) production of block in the A–V node and His-Purkinje system; (b) depolarization of the atria so as to render it refractory to the impulse returning via the accessory pathway, thereby creating a form of V–A block; (c) penetration of the bypass tract antegradely, resulting in collision with the returning impulse; and (d) antegrade conduction capturing the ventricle prematurely such that the QRS is advanced such that the impulse reaches ventricular insertion of the bypass tract when it is refractory; or, alternatively, if retrograde conduction can occur, block subsequently appears antegradely as in 1. Mechanism 1 is by far the most common mode of termination (Fig. 8-111). With each of mechanisms 2 to 4, termination is usually associated with failure of retrograde conduction over the bypass tract. In each instance, advancement of the tachycardia is necessary. Multiple mechanisms can be operative in an individual patient, depending on the coupling interval of the APD, the A–V conduction time, and the intra-atrial conduction delay. The fourth mechanism is not uncommon in the presence of enhanced A–V conduction and/or during tachycardias with short cycle lengths, both of which are closely related.



FIG. 8-111. Termination of SVT-CBT by an APD. SVT-CBT is terminated by an APD (S, arrow) delivered at a coupling interval of 270 msec that blocks in the A–V node.



The use of ventricular stimulation during SVT allows one to demonstrate that the ventricles are components of the reentrant circuit as well as proving the functional role of the bypass tract. This is of particular value in three situations: (a) patients with septal bypass tracts who exhibit normal retrograde atrial activation and failure of V–A prolongation on the development of bundle branch block during SVT; (b) patients with slowly conducting bypass tracts to distinguish them from ectopic atrial rhythms and the atypical form of A–V nodal reentry (see prior discussion of stimulation during A–V nodal reentry); and (c) patients whose coronary sinus and left atrium cannot be catheterized for technical reasons, making detailed atrial mapping impossible. Responses to VPDs that demonstrate the presence of a bypass tract include (a) capture of the atrium at a coupling interval identical to that of the VPD (exact capture phenomenon); (b) paradoxically premature captures; (c) atrial capture when the His-Purkinje system is refractory, that is, retrograde atrial activation following antegrade His bundle depolarization of a prior tachycardia complex; and (d) an increase in the V–A interval during entrainment produced by stimulating the ventricle contralateral to the bypass tract ( 18,63,64,122,123,125,136,146). This latter



phenomenon is analagous to the influence of ipsilateral bundle branch block on the V–A interval. If the VPD can prematurely depolarize the atria at the exact coupling interval at which it was delivered, one must assume that the stimulation site is within the reentrant circuit, because if intervening tissue were involved, the V–A interval would increase, and subsequently the A–A interval would exceed the coupling interval of the VPD. The ability to capture the atrium producing an A–A interval less than the coupling interval of the VPD (paradoxical capture) suggests that the VPD was delivered not only within the reentrant circuit but closer to the bypass tract than the initial site of ventricular depolarization via the normal A–V pathway. This phenomenon confirms incorporation of a bypass tract in the SVT and demonstrates the presence of an excitable gap within the reentrant circuit. It is easiest to demonstrate with right-sided bypass tract with stimulation of the base of the right ventricle, because with a normal QRS, the earliest activation of the ventricles is on the left side of the septum. Analogously, if left bundle branch block develops in a patient with a left-sided bypass tract, left ventricular stimulation is likely to produce a paradoxic capture, because during left bundle branch block, the earliest activation of the ventricle is in the right ventricle. The premature atrial activation in each instance results from a shortened V–A conduction time during the VPD, which is due to greater proximity of the stimulation site to the bypass tract than the site of initial ventricular activation during SVT. This situation is somewhat analogous to that in which V–A conduction changes from prolonged to short on normalization of bundle branch block ipsilateral to the site of the bypass tract. The response most commonly seen and easiest to demonstrate is atrial capture by VPDs when the His-Purkinje system is known to be refractory, that is, when antegrade His bundle depolarization is already manifest ( Fig. 8-112). As long as the antegrade His bundle deflection is not influenced by ventricular stimulation, excitation of the atria by a ventricular premature beat must be over a bypass tract. It is possible to deliver the stimulus 35 to 55 msec before the inscription of the His deflection because retrograde conduction from ventricle-to-His invariably exceeds the H–V interval (see Chap. 2). Preexcitation of the atrium when the His bundle is refractory may not always be possible by right ventricular stimulation if the bypass tract is left-sided ( 122,123,136,146). This is related to the fact that stimulation in the right ventricle is distant from the ventricular insertion of the bypass tract. The conduction time from the right ventricular stimulation site to the site of the bypass tract, the cycle length of the tachycardia, and local right ventricular refractory period determine the ability of right ventricular stimulation to reach the reentrant circuit before ventricular activation over the normal pathway. Closely coupled VPDs, usually £75% of the SVT cycle length, are required ( 145), and in many cases, this requires stimulation before antegrade activation of the His bundle. We have seen patients in whom ventricular stimuli delivered more than 100 msec prematurely fail to preexcite the atrium. One can use double extrastimuli to overcome the limitations of local ventricular refractoriness ( Fig. 8-113). In this case, the first extrastimulus shortens right ventricular refractoriness and allows a second to be delivered much more prematurely. Despite the fact that the stimulus is delivered 100 msec before inscription of the His bundle, the His bundle is activated antegradely; thus, atrial preexcitation must occur over a bypass tract. The site of stimulation relative to the site of bypass tract, as well as the rate of the tachycardia are the main determinants of the ability to preexcite the atrium, as noted. Both Benditt et a1. ( 136) and Miles et al. (145) have demonstrated that stimulation close to the bypass tract allows one to preexcite the atrium when the His bundle is refractory in virtually all instances. Miles et al. (145) have developed a preexcitation index (analyzing the coupling interval of the premature ventricular stimulus as a percentage of the tachycardia cycle length) that may be useful in determining the location of the bypass tract. Atrial preexcitation by right ventricular stimuli at coupling intervals >90% of the tachycardia cycle length invariably means the presence of a septal or right-sided bypass tract. If the investigator performs stimulation from both ventricles and/or uses multiple ventricular extrastimuli, atrial preexcitation when the His bundle is refractory should be demonstrated in almost all patients with SVT using a CBT.



FIG. 8-112. Atrial preexcitation by VPD during SVT. A VPD (S, arrow) is introduced at a coupling interval of 325 msec during SVT (cycle length of 425 msec) after the His bundle has been antegradely depolarized (i.e., the second His bundle deflection occurs on time), resulting in atrial capture. Because the His bundle must have been refractory, ventriculoatrial conduction must occur over an accessory atrioventricular pathway. See text for discussion.



FIG. 8-113. Requirement of two right ventricular stimuli to preexcite the atrium while the His bundle is refractory in a left-sided bypass tract. Following two complexes of a tachycardia using a left-sided bypass tract, a ventricular extrastimulus (S 1) is delivered without preexciting the atrium. The first extrastimulus altered refractoriness at the right ventricular pacing site so that, when a second extrastimulus (S 2) is delivered at 225 msec, it conducts back to the atrium. Because the His bundle deflection just behind V2 is unaltered, such that the first four complexes have identical A–H intervals and H–H intervals, the atrium must have been activated over a bypass tract. See text for discussion. (Adapted from: Farshidi A, Josephson ME, Horowitz LN. Electrophysiologic characteristics of concealed bypass tracts: clinical and electrocardiographic correlates. Am J Cardiol 1978;41:1052.)



In patients with slowly conducting bypass tracts, the response to ventricular stimulation during the tachycardia may be totally opposite. Because the slowly conducting bypass tracts have decremental properties ( 63,64 and 65,125), the response to premature ventricular stimuli results in slowing of ventriculoatrial conduction, which, if marked, can retard the return cycle (Fig. 8-114). This would be a form of postexcitation, or delay of excitation, in response to a VPD when the His bundle is refractory. Clearly, any disturbance of atrial activation by a VPD delivered during antegrade conduction over the His bundle is diagnostic of the presence of a bypass tract.



FIG. 8-114. Delay and termination of SVT using a slowly conducting left posterior bypass tract by ventricular stimulation when the His bundle is refractory. ECG leads



1, 2, and V1 are displayed with distal (1 and 2) to proximal (5 and 6) HBE, and the distal 3 pair of electrodes from a decapolar catheter in the CS. Top and Middle. Ventricular extrastimuli delivered when the His is refractory reset SVT using a left posterior bypass tract and delay subsequent to atrial activation. Bottom. A ventricular extrastimulus delivered when the His is refractory terminates SVT. See text for explanation.



Septal bypass tracts may also be diagnosed by demonstrating simultaneous retrograde conduction over both the normal A–V nodal conducting system and the bypass tract during ventricular stimulation. This is accomplished by recording retrograde atrial depolarization with a “normal” retrograde activation sequence before retrograde depolarization of the His bundle ( Fig. 8-115). The investigator must ensure that the His deflection that occurs after atrial depolarization is indeed retrograde and not antegrade with a short A–H and block below the His. To demonstrate this, the investigator must show progressive V–H delay with a constant V–A interval in response to progressively premature stimuli. In Figure 8-115A, a VPD at a coupling interval of 340 msec produces a “normal” retrograde activation sequence without a His deflection. In Figure 8-115B, a VPD delivered at a coupling interval 5 msec shorter produces retrograde His-Purkinje system delay such that the His bundle deflection is seen with a long V–H interval. The V–A interval is identical in both panels. The His bundle deflection must be a retrograde deflection because it was absent at the slightly longer coupling interval at which A–V nodal conduction would be better (and antegrade conduction more likely) than at the shorter coupling interval. Para-Hisian pacing, described earlier in this chapter, and differences in the V–A interval depending on the site of RV stimulation (apex vs. base) are other methods to demonstrate the presence of a septal bypass tract.



FIG. 8-115. Demonstration of a septal bypass tract by simultaneous retrograde activation of the bypass tract and the normal A–V conduction system. A. VPD (S2, arrow) conducts retrogradely to the atrium with no V–A delay and a normal retrograde activation sequence. B. The presence of a septal bypass tract is confirmed when an earlier VPD retrogradely depolarizes the His bundle after retrograde atrial activation. See text for further discussion.



SVTs using posteroseptal slowly conducting bypass tracts must be differentiated from the atypical form of A–V nodal reentry and ectopic atrial rhythms. When the retrograde atrial activation sequence is eccentric, only ectopic atrial rhythms need to be excluded, because typical A–V nodal reentry has a specific retrograde activation sequence, which is usually earliest at the os of the coronary sinus. Ventricular stimulation is paramount to making a distinction between an ectopic atrial rhythm and a concealed, slowly conducting bypass tract. If ventricular pacing produces the same retrograde atrial activation sequence and/or the tachycardia can be entrained by ventricular pacing ( 10,143), then a bypass tract can be diagnosed. An example of a patient who had a rhythm resembling an ectopic left atrial rhythm and in whom a left-sided slowly conducting bypass tract was proven to be present is shown in Figure 8-116 and Figure 8-117. In Figure 8-116, a slow tachycardia with earliest activation at the distal coronary sinus stops transiently, allowing one sinus complex to appear before resumption of the rhythm. We believed this to be an incessant ectopic atrial rhythm; however, during ventricular pacing, the very slow tachycardia could be entrained at a cycle length of 450 msec ( Fig. 8-117). The V–A during pacing is longer than during the tachycardia, thereby demonstrating decremental conduction in the bypass tract. The ability to demonstrate entrainment of the slow tachycardia by ventricular pacing proves the existence of a slowly conducting bypass tract and excludes an atrial tachycardia.



FIG. 8-116. Slowly conducting left-sided bypass tract mimicking ectopic atrial rhythm. The first five complexes appear to show an oscillatory left atrial rhythm with earliest activation in the distal coronary sinus (CS d). One beat of sinus rhythm follows a pause, and the tachycardia again resumes.



FIG. 8-117. Use of ventricular pacing to distinguish automatic left atrial rhythm from circus movement tachycardia using a slowly conducting bypass tract. This is the same patient as in Fig. 8-91. Ventricular pacing at 450 msec captures the atrium retrogradely with the same activation sequence as the tachycardia. On cessation of pacing, the first return cycle is 450 msec, thereby demonstrating entrainment of the tachycardia. This is diagnostic of a reentrant rhythm using a slowly conducting bypass tract. See text for discussion.



Termination of SVT using a CBT by ventricular extrastimuli results when the VPD blocks in the accessory pathway and collides with the antegradely conducting impulse somewhere in the normal conduction system or preexcites the atrium with subsequent block of the atrial impulse in the A–V node or His-Purkinje system either because of the prematurity of the atrial impulse (i.e., which encroaches on A–V nodal or His-Purkinje refractoriness) or due to retrograde concealment by the VPD, or both (Fig. 8-118 and Fig. 8-119). Block antegradely in the A–V conducting system is the most common finding because block in the accessory pathway retrogradely requires that the VPD encroach on the refractory period of the bypass tract. The ability of the VPD to block retrogradely in the CBT is determined by (a) the local refractory period at the site of stimulation, (b) the distance from the site of stimulation to the bypass tract, (c) the conduction time from the stimulus to the



bypass tract, and (d) the retrograde refractory period of the bypass tract. Thus, termination of SVT by retrograde block in the bypass tract often requires early coupled VPDs, particularly when right ventricular stimulation is being used in a patient with a left-sided bypass tract ( Fig. 8-119). In many patients, however, termination is possible by either modality ( Fig. 8-120). VPD termination of an SVT is more likely for a tachycardia using a CBT than for A–V nodal reentry. Termination by a single VPD is virtually pathognomonic of a bypass tract participating in the reentrant circuit in two circumstances: (a) termination of SVT by a late-coupled VPD (>80% of the SVT cycle length) and (b) termination of a single VPD of an SVT with a cycle length £300 msec. If SVT can be terminated by a VPD delivered when the His bundle is refractory, a CBT is necessarily operative.



FIG. 8-118. Termination of SVT using a CBT by a VPD when the His bundle is refractory. Following the fifth complex of a tachycardia, a VPD is introduced when the His bundle is refractory. This preexcites the atrium. Because of the prematurity of the atrial activation, block in the A–V node occurs, and the tachycardia terminates.



FIG. 8-119. Termination of SVT by a VPD producing block in the bypass tract. Following five complexes of a rapid SVT (270 msec), a VPD is introduced when the His bundle is refractory. Its ventricular extrastimulus blocks in the bypass tract retrogradely to terminate the tachycardia.



FIG. 8-120. Termination of SVT-CBT by VPD. A. SVT is terminated by a VPD (Vp) delivered at a coupling interval of 270 msec after antegrade depolarization of the His bundle (H appears on time). The atria are preexcited (A e–Ar = 260 msec) and SVT terminates due to block of Ar in the A–V node. B. When V p is introduced at a coupling interval of 265 msec, block occurs in the bypass tract (no retrograde conduction), terminating the tachycardia. See text for further discussion.



In summary, termination of SVT using a CBT by atrial and/or ventricular stimulation may be quite complex because of the many potential sites of block. In a given tachycardia, block may occur at different sites, depending on the prematurity of the atrial or ventricular extrastimulus. In addition, block may occur following several complexes after the stimulated impulse. The changes in conduction and refractoriness produced by the premature impulse may set up oscillations that eventually find one component of the reentrant circuit refractory, and termination ensues. For example, a ventricular premature beat introduced during functional bundle branch block can normalize the tachycardia. Block will not occur in response to the premature beat, but the shortened cycle length that results from a decreased V–A interval during normalization of the QRS may result in block, either retrogradely or antegradely, one or more complexes after the VPD was delivered. The mechanisms of termination that can be seen in response to ventricular and atrial extrastimuli may be seen spontaneously ( 147,148 and 149). Obviously, the presence of multiple bypass tracts, dual A–V nodal pathways, and development or loss of functional bundle branch block play a major role in the variability of spontaneous termination. In general, however, spontaneous termination with retrograde block in the bypass tract without any perturbations usually results during very rapid tachycardias or with a sudden shortening cycle length ( Fig. 8-121). In our experience, antegrade block is more common as the cause of spontaneous termination. Usually, a gradual delay occurs before block, which may be associated with an oscillating cycle length with alternate complexes demonstrating a Wenckebach periodicity ( Fig. 8-122). This type of termination is also common after administration of pharmacologic agents affecting A–V nodal conduction (see following discussion).



FIG. 8-121. Spontaneous termination of SVT by retrograde block in the bypass tract. The figure is arranged from top to bottom as leads 1, aVF, and electrograms from the right atrial appendage (RAA), HRA, mid-right atrium (MRA), low-right atrium (LRA), HBE, and five bipolar electrograms from the os of the CS os, to the lateral margin of the CS. SVT utilizing a left lateral bypass tract is present at a short cycle length of 250 msec. The fourth QRS complex suddenly blocks in the bypass tract,



terminating the tachycardia.



FIG. 8-122. Termination of SVT using a CBT by A–V nodal block. SVT using a left-sided CBT is shown with an oscillating cycle length demonstrating alternate beat Wenckebach phenomena. Every other A–H interval becomes progressively longer until it finally blocks in the A–V node, terminating the tachycardia.



Effects of Pharmacologic and Physiologic Maneuvers During Supraventricular Tachycardia The effects of pharmacologic agents in the treatment of SVT that results from CBT are unpredictable because many of the available drugs have differential actions on the bypass tract and on the A–V node such that in some situations the agents may help perpetuate the arrhythmia. Diagnostically, however, if the administration of an agent produces infra-His block resulting in termination of the arrhythmia, one can infer that the ventricles were required to maintain the tachycardia and a CBT was operative. Perpetuation of the tachycardia in the presence of A–V nodal block does not exclude atrial tachycardias or A–V nodal reentry. The only relatively selective agents available are those primarily affecting the A–V node. These drugs include calcium-blockers (verapamil and diltiazem), a variety of beta-blockers, digoxin, and adenosine. All of the agents prolong A–V nodal conduction and refractoriness and virtually always terminate SVT using a CBT by producing block in the A–V node (60,107,108,111,112,113 and 114,150,151,152,153 and 154). Verapamil rarely terminates SVT by blocking retrograde conduction over the bypass tract ( 155); when it does, block is usually preceded by oscillation produced by changes in A–V nodal conduction that leads to long-short sequences. Class IA drugs such as quinidine, procainamide, and disopyramide and Class IC drugs such as propafenone and flecainide are primarily effective by producing block in the bypass tract ( 156,157,158 and 159). However, they have variable effects on A–V nodal and His-Purkinje conduction, both of which may counterbalance their depressant effects on the bypass tract. Amiodarone (160,161) has effects on the A–V node, His-Purkinje system, and retrograde conduction over the bypass tract and can terminate the arrhythmia by affecting any of these sites. Sotalol generally affects the A–V node and has little, if any, effect on retrograde conduction over the bypass tract. In our limited experience with Ibutilide and Dofetilide, both affect the AV node anterogradely, but have little effect on retrograde bypass tract conduction. It is of interest that all of the Class 3 agents prolong anterograde conduction and refractoriness of bypass tracts with manifest preexcitation. Carotid sinus pressure (CSP) can terminate SVT resulting from CBT by producing A–V nodal block. This is always preceded by gradual slowing of A–V nodal conduction before termination, regardless of whether the tachycardia is using a rapidly conducting or slowly conducting bypass tract ( Fig. 8-123 and Fig. 8-124). With a slowly conducting bypass, block may also occur in the slowly conducting bypass tract as a result of its A–V nodal-like properties ( 63,64 and 65,125). Similarly, in slowly conducting bypass tracts, verapamil, beta-blockers, and/or adenosine may also produce decremental conduction and block. Overall, in our experience, CSP terminates SVT using slowly conducting bypass tracts by producing antegrade block in the A–V node in almost two-thirds of the patients and in the bypass tract in the remaining one-third. These findings are in contrast to atypical A–V nodal reentry, in which termination of the tachycardia is associated with retrograde block in the slowly conducting pathway in 100% of our patients. Conversely, endogenous catecholamines or isoproterenol can improve retrograde conduction over a rapidly conducting bypass tract (149) or a slowly conducting bypass tract ( 64,125). Methods of evaluation of pharmacologic and potential pacemaker therapy are discussed in subsequent chapters. Electrophysiologic characteristics of SVT resulting from CBT are listed in Table 8-6.



FIG. 8-123. Termination of SVT using a CBT by carotid sinus pressure. Carotid sinus pressure CSP is applied during SVT using a CBT. The A–H interval gradually prolongs and then block occurs, terminating the arrhythmia. (From: Josephson ME, Seides SE, Batsford WB, et al. The effects of carotid sinus pressure in reentrant paroxysmal supraventricular tachycardia. Am Heart J 1974;88:694.)



FIG. 8-124. Termination of SVT using a slowly conducting bypass tract by carotid sinus pressure. CSP is applied during a slow tachycardia using a slowly conducting left lateral bypass tract. Tachycardia termination occurs by progressive prolongation and then block in the A–V node. See text for discussion.



SUPRAVENTRICULAR TACHYCARDIA RESULTING FROM INTRA-ATRIAL OR SINUS NODE REENTRY Supraventricular tachycardia due to intra-atrial reentry may occur anywhere in the atrium. In general, these can be divided into those that have an activation sequence similar if not identical to that of the sinus node (termed sinus node reentry) and those that arise elsewhere in the atrium (intra-atrial reentry). Whether or not sinus node reentry should be distinguished from intra-atrial reentry is a matter of debate; however, because of its characteristic P-wave morphology and atrial activation



sequence, sinus node reentry can be addressed as a selected subset of intra-atrial reentrant arrhythmias. The possibility that reentry within the sinus node could be a mechanism for SVT was first suggested by Barker et al. more than 55 years ago ( 162). Subsequently, experimental studies in animals, both in vitro and in vivo, and in humans have clearly shown that the sinus node can potentially function as a site of reentry in an analogous fashion to the A–V node (17,18,163,164,165,166 and 167). Most of these studies, however, have based diagnosis of sinus node reentry on indirect evidence dependent on atrial activation patterns comparable or similar to that of sinus rhythm. Only the in vitro study of Allessie and Bonke (163) actually mapped the reentrant pathway and localized it to the sinus node. More recent studies by the same group ( 168), however, have cast doubt on the possibility of sustained reentry occurring solely within the sinus node based on the wave length (product of conduction velocity and refractory period), which would be necessary for a tachycardia using the sinus node. Thus, whether or not reentry localized solely within the sinus node can cause sustained, paroxysmal SVTs is not firmly established. From a practical standpoint, however, paroxysmal reentrant arrhythmias localized to the region of sinus node are considered “sinus node reentry” here. In all likelihood, the sinus node and/or perinodal tissue does participate in reentrant phenomena, probably by providing the slow conduction required for reentry. This is not surprising in light of the fact that the sinus node and perinodal tissue show certain electrophysiolic similarities to A–V node. Although in most instances so-called sinus node reentry is limited to a single echo, sustained reentry resulting in clinical SVT has been demonstrated from the region of the sinus node ( 17,18,167,169,170 and 171). In our experience, SVT secondary to so-called sinus node reentry accounts for only 2% of the arrhythmias in patients presenting with paroxysmal SVT, although 10% to 15% of patients undergoing electrophysiologic evaluation will exhibit isolated sinus node echoes. Intra-atrial reentry occurring at sites distant from the region of the sinus node is more common than sinus node reentry, occurring in approximately 5% of our patient population. In my experience the majority of intra-atrial reentrant SVTs arise in the right atrium or septum, in contrast to other types of atrial tachycardias which can arise in either atrium. Electrophysiologic features of sinus node and intra-atrial reentry are described in Table 8-7 and Table 8-8.



TABLE 8-7. Criteria for “Sinus Node” Reentrant SVT



TABLE 8-8. Criteria for Intra-atrial Reentrant SVT (distant from the sinus node)



Atrial reentrant arrhythmias tend to occur in patients with heart disease, particularly those with intra-atrial reentry distant from the sinus node. The rates of atrial reentrant arrhythmias vary, with sinus node reentry rates tending to be slower than other forms of atrial reentry, averaging approximately 130 bpm. Intra-atrial reentry outside the sinus node usually tends to be faster, with rates ranging from 120 to 240 bpm. The rates of these different tachycardias exhibit significant overlap, part of which is due to our inability to distinguish intra-atrial reentrant tachycardias from reentry localized to the sinus node. This is one reason why many investigators lump these arrhythmias under the term intra-atrial reentry. Mechanism of Initiation of Supraventricular Tachycardias Resulting from Intra-atrial Reentry As with the forms of reentrant SVT, both sinus node reentry and intra-atrial reentry are most frequently initiated by APDs ( Fig. 8-125, Fig. 8-126 and Fig. 8-127) (17,18,167,168,169,170 and 171). However, unlike SVT resulting from A–V nodal reentry and SVT using a CBT, no A–V delay is required. Such delays may occur as a part of the normal response to APDs but are not necessary for initiation. Of diagnostic importance is the frequent initiation of intra-atrial reentry in the presence of A–V block (Fig. 8-126). Intra-atrial reentry can often be initiated over a wide range of coupling intervals (A 1A2) of APDs. This broad range depends on (a) the intrinsic degree of inhomogeneity in conduction and/or refractoriness in the atrium, sinus node, and perinodal tissue (factors not precisely quantifiable in humans) and (b) the distance of the stimulation site from the site of reentry. With regard to sinus node reentry, the slower the conduction in the sinus node and the closer the site of stimulation to the sinus node, the wider the tachycardia zone (i.e., the zone of coupling intervals of APDs that initiate SVT). Theoretically, a similar situation exists for other intra-atrial reentrant sites. Although overlap in APD coupling intervals required for initiation of sinus node and intra-atrial tachycardias is considerable, atrial tachycardias outside the region of sinus node usually require APD coupling intervals shorter than those required for sinus node reentry. This may be related to the inherent slow conduction within the sinus node and perinodal tissues, which provides one of the important substrates required for reentry that may be absent in other parts of the atria. In other parts of the atria the mechanism of slow conduction differs (e.g., nonuniform anisotropy), and the size of the circuit may be in part determined by anatomic factors. In the absence of a critical role of nonuniform anisotropy in initiation of SVT, regardless of the site of stimulation, it is assumed that the coupling intervals required for initiation would be relatively constant if measured at the site of reentry. In most cases, this can be demonstrated only in sinus node reentry, where the measurements from the high-right atrial electrogram placed in the vicinity of the sinus node can be readily obtained. Although intra-atrial reentry of any type can be initiated from any region in the heart, the more distant the site of stimulation is from the site of reentry, the shorter the coupling intervals required for initiation. This finding explains why intra-atrial reentry (which can occur far from the sinus node in either atria) requires coupling intervals closer than that required for sinus node reentry during high-right atrial stimulation. When coronary sinus stimulation is used to initiate sinus node reentry, early coupled APDs are required to obtain the critical A–A interval in the region of the sinus node required to initiate SVT (see Fig. 8-127). Thus, if stimulation is carried out very distant from the site of the potential reentrant circuit, two or more APDs or shorter basic drive cycle lengths may be required to produce the unidirectional block and slow conduction required for reentry. Rapid atrial pacing can more reliably induce sinus node reentry than atrial reentry from other sites ( Fig. 8-128). This again probably relates to the preexistent slow conduction in the sinus node.



FIG. 8-125. Initiation of sinus node reentrant SVT by an APD from the high-right atrium. An APD (S, arrow) delivered at a coupling interval of 330 msec results in SVT in the absence of atrial latency. The P waves and atrial activation sequence during SVT are similar to sinus rhythm. Note the oscillation of cycle length at the onset of SVT.



FIG. 8-126. Initiation of sinus node reentrant SVT by an APD from the coronary sinus. During sinus rhythm, an APD (S, arrow) is delivered from the coronary sinus (CSE) at a coupling interval of 260 msec. This impulse reaches the high-right atrium (A 2) at a coupling interval of 420 msec and results in SVT with a typical “sinus” atrial activation sequence.



FIG. 8-127. Initiation and termination of intra-atrial reentrant SVT. A. An APD (A2) is delivered from the high-right atrium (HRA) at a coupling interval of 315 msec during a basic paced cycle length (A 1–A1) of 600 msec, initiating SVT. The atrial activation sequence during the SVT shows simultaneous atrial activation in the HRA, HBE, and CS, which is distinctly different from sinus rhythm as seen in (B) after spontaneous termination (panel B). Termination of SVT occurs abruptly after a slight prolongation of the tachycardia cycle length.



FIG. 8-128. Initiation of sinus node reentrant SVT by atrial pacing. The two panels are continuous. A. Atrial pacing at a cycle length of 320 msec is begun after two sinus beats. Pacing at this cycle length is associated with A–V nodal Wenckebach block (block in A–V node of the last P wave shown in A. and the fourth P wave shown in B.) When pacing is discontinued, SVT is present with an atrial activation sequence similar to that of sinus rhythm.



Intra-atrial conduction delay, either manifested by latency from the stimulus to the electrogram at the stimulus site or by delay between the site of stimulation and other atrial sites, is not necessary to initiate sinus node reentrant tachycardia, but it is associated with and necessary for induction of intra-atrial reentry, particularly if recorded at the site of reentry. If atrial reentry is localized to the site of stimulation, then the conduction delay required will be manifested by latency between the stimulus spike in the local atrial electrogram noted before the onset of initiation of the tachycardia. In most instances, one does not initiate reentry at the site of stimulation. In such cases it is difficult to ascertain the site of conduction delay in the atrium. Multiple recording sites in both atria are required to record the site of critical conduction delay and/or block necessary for the development of atrial tachycardias distant from the site of stimulation. Thus, observation of block and/or slow conduction required for reentry distant to stimulation site has been rarely reported ( 18). Initiation of intra-atrial reentrant rhythms by ventricular stimulation is uncommon except in the presence of a retrogradely conducting bypass tract, in which case, retrograde atrial activation is very rapid, and coupling intervals of ventricular stimuli are virtually identical to those delivered in the atrium. In our experience, sinus node reentry may be induced by ventricular depolarizations or rapid ventricular pacing ( 167,171). The initiation of intra-atrial reentry in regions outside the sinus node is very rare using ventricular stimulation. The rarity of induction of intra-atrial reentry relates to the retrograde conduction delay associated with VPDs, which limits the prematurity with which they can depolarize the atrium. The slow conduction present in the sinus node and perinodal tissue probably allows ventricular stimuli to induce sinus node reentry despite the relatively long atrial coupling that results from ventricular stimulation. Atrial and ventricular pacing can both initiate sinus node reentrant arrhythmias much more commonly than atrial tachycardias arising at sites outside the sinus node region. As noted, this is most likely related to the presence of preexistent slow conduction, which allows rapid pacing to produce cycle length dependent conduction delay, block, and probably longitudinal dissociation analogous to that seen in the case of A–V nodal reentry. The paced cycle lengths at which sinus node reentry can be induced range from 300 to 660 msec. Initiation of sinus node reentrant tachycardia associated with spontaneous shortening of the sinus cycle length has also been reported ( 170,172). This mechanism probably is



similar to that in incessant forms of A–V junctional tachycardias, that is, concealed, rate-dependent block. Atrial Activation Sequence in P–QRS Relationship During Supraventricular Tachycardias with Intra-atrial Reentry The atrial activation sequence in P-wave morphology of intra-atrial reentrant tachycardias defines sinus node reentry from intra-atrial reentry. During sinus node reentry, one must demonstrate a P-wave morphology and atrial activation sequence similar to that observed during sinus rhythm. Slight morphologic differences in the high-right atrial electrogram and P-wave morphology may be noted and most likely result from a different exit from the sinus node than during sinus rhythm. Detailed mapping of the entire atrium still shows an activation sequence similar to the atrial activation sequence during sinus rhythm. In intra-atrial reentry localized to regions outside the sinus node, the atrial activation sequence will differ, as will the P-wave morphology ( Fig. 8-129). The differences may be marked, such as reentry originating in the left atrium, or may merely show a right atrial or septal origin that has a distinctly different intra-atrial activation sequence.



FIG. 8-129. Comparison of atrial activation during normal sinus rhythm and during SVT that is due to intra-atrial reentry. Leads 1, aVF, and V1 are shown with electrograms from the HRA, HBE, distal and proximal CS, superior vena cava (SVC), mid-right atrium (MRA), inferior vena cava (IVC), and right ventricular apex (RVA). See text for discussion.



The P–R and A–H intervals during the tachycardia are appropriate for the rate. In most cases, the P–R is shorter than the R–P interval; however, in the presence of preexistent A–V nodal conduction delay, the P–R may be longer than the R–P and may even fall within the QRS and mimic AVNRT from the surface ECG ( Figure 8-130). Right atrial pacing at rates approximating the tachycardia rate will produce comparable P–R intervals. Spontaneous termination of sinus node reentry or intra-atrial reentry is usually accompanied by progressive prolongation of the A–A interval with or without any changes in A–V conduction.



FIG. 8-130. Intra-atrial reentrant SVT with simultaneous activation of the atrium and ventricle, mimicking AVNRT. ECG leads I, II, III are shown with electrograms from the HRA, distal (D), mid (M), and proximal (P) HBE, distal and proximal ablation (ABL) CS OS to CS distal. SVT at a cycle length of 360 msec is present. Atrial tachycardia (high to low activation sequence) is associated with a long PR due to conduction down a slow AV nodal pathway resulting in simultaneous atrial and ventricular activation, mimicking AVNRT.



Requirement of the Atrium and Ventricles and Influence of Bundle Branch Block on Supraventricular Tachycardia Resulting from Intra-atrial Reentry Because the reentrant circuit involves the atria (in the region of the sinus node or elsewhere), the ventricles and most of the atria are unnecessary both to initiate and to maintain the tachycardia. The onset of sinus node reentrant SVT or intra-atrial reentrant SVT located elsewhere frequently occurs in the presence of A–V block at the first beat of the tachycardia, and A–V nodal Wenckebach block during the tachycardia is not uncommon. Variable degrees of block may be present throughout the entire episode of the sustained tachycardia. Neither the ventricles nor the A–V node are required for this arrhythmia. Data are unavailable regarding the amount of the atrium required to sustain reentry. Although experimental evidence initially suggested that reentry could occur in the sinus node alone (163), doubt was cast on this finding in later experiments ( 168). Probably no more than a few square centimeters are necessary to sustain reentry, and therefore the remaining atrial tissue is unnecessary. The extent of atrial participation can be evaluated by introducing APDs from different sites in the atrium and seeing how much of the atrium can be depolarized without influencing the tachycardias. In sinus node reentry, the mid- and low-right atrium and entire left atrium can be depolarized without affecting the tachycardia, confirming that the tachycardia is localized to an area high in the right atrium. Detailed stimulation from areas closer to the sinus node with high-density mapping in that region would be necessary to ascertain the actual extent of reentrant circuit. Similarly, the extent of atrial tissue required for intra-atrial reentry can be grossly defined. It is even more difficult, however, to map a region of reentry with atrial tachycardias localized outside the region of the sinus node in humans. Intraoperative high-density mapping during tachycardias is needed to define the extent of the atrial reentrant circuit. Currently, no data are available reporting mapping of the entire reentrant circuit of either sinus node reentry or intra-atrial reentry localized elsewhere (excluding atrial flutter, see Chapter 9). Because infra-atrial structures are unnecessary to initiate and maintain the tachycardia, the development of bundle branch block has no effect on the tachycardia cycle length. The P–R interval may transiently increase for the first cycle following the development of bundle branch block if the H–V interval increases. Subsequent cycles will have the same A–V conduction as cycle lengths before the development of the bundle branch block. The lengthening of any single cycle will always equal the increment in H–V interval that may occur when bundle branch block develops. Effects of Stimulation During Supraventricular Tachycardias Resulting from Intra-atrial Reentry As with other reentrant arrhythmias, intra-atrial reentrant SVT can be reset and entrained ( 173,174). Resetting can demonstrate a fully excitable gap as manifested by a flat or mixed (flat and increasing) return cycle, or a partially excitable gap manifested by an increasing return cycle ( 173). Entrainment can be demonstrated in all intra-atrial reentrant SVTs but this requires demonstration of fixed surface ECG fusion of the P wave, and if possible, fusion of intracardiac recodings such that simultaneous antedromic activation and orthodromic activation are demonstrated. Since the reentrant circuits are small, only orthodromic capture is usually observed. In such instances one needs to demonstrate fixed return cycles following sequential paced beats (e.g., the same return cycle must be observed following paced beat N and N+1) to distinguish this from overdrive pacing of an automatic focus ( 175). Concealed entrainment has been used to identify protected sites within the reentrant circuit. This requires demonstration of both entrainment and that activation of the atria is identical to that during the native tachycardia. Unfortunately many examples of so-called entrainment (concealed or manifest) are not proven to be entrained. An example of entrainment is shown in Figure 8-131.



FIG. 8-131. Entrainment of atrial tachycardia. Leads I, II, III, and V 1 are shown with electrograms from proximal to distal anterolateral right atrium (ALRAp, ALRAd), the ablation (ABL) catheter, proximal to distal coronary sinus (CS), and right ventude (RV). Pacing from the distal poles of the ABL catheter (not seen) entrains the atrial tachycardia with fusion. The fusion is shown by orthodromic capture of ALRA-9-4 and antedronic capture of ALRAd, 2, 3.



Programmed APDs or rapid atrial pacing can almost always terminate intra-atrial reentry ( 167,168,169,170 and 171,173,174). In the case of sinus node reentry, single APDs delivered at the high-right atrium are almost always successful, whereas two APDs or rapid pacing may be needed if stimulation is performed from a site distant to the sinus node (e.g., left atrium). An analogous situation occurs when intra-atrial reentry occurs elsewhere in the atrium. In this instance, stimulation closest to the earliest site of atrial activation will be more likely to terminate the arrhythmia than if stimulation occurs distant from that site. Initiation and termination of intra-right atrial reentry by stimuli from the right and left atrium are shown in Figure 8-132 and Figure 8-133. Ventricular pacing and VPDs theoretically can terminate these arrhythmias if 1:1 V–A conduction is present and continues at rapid pacing rates ( 167). Sinus node reentry is more likely to be terminated than intra-atrial reentry by ventricular stimulation. This finding probably is related to the tachycardia cycle length. VPDs rarely can terminate intra-atrial reentrant rhythms, because retrograde V–A delay and/or block limits the prematurity at which the retrograde atrial impulse can reach the area of reentry.



FIG. 8-132. Initiation and termination of atrial tachycardia with block. A. An APD initiates a tachycardia, which at its onset is irregular. B. The fourth tachycardia complex blocks in the node. Thereafter, an atrial extrastimulus is delivered that terminates the arrhythmia. See text for discussion.



FIG. 8-133. Initiation and termination of right atrial tachycardia from the coronary sinus. Both panels are arranged from top to bottom as ECG leads I, II, III, V 1, and V6 and electrograms from the HRA, CS distal, and HIS. A. During a paced cycle length of 665 msec a single premature CS complex initiates a right atrial tachycardia which is slightly irregular.



Physiologic and Pharmacologic Maneuvers During Supraventricular Tachycardias Resulting from Intra-atrial Reentry CSP reproducibly slows and terminates sinus node reentrant tachycardias ( Fig. 8-134). These tachycardias also respond to other vagal maneuvers and adenosine. Intra-atrial reentry outside the region of the sinus node shows a variable response to CSP. We have found that 25% of atrial reentrant tachycardias arising outside the sinus node can also be terminated by CSP or adenosine. These tachycardias were distinguished from those that could not be interrupted by CSP or adenosine by the fact that they were all localized to the right atrium and tended to have longer cycle lengths (mean cycle length of intra-atrial SVT responding was 430 msec). The mechanisms by which these tachycardias are terminated is unclear, but the right atrial location suggests some role of the muscarinic or adenosine receptors either directly (on K + channels) or indirectly via adenyl cyclase. Whenever CSP or adenosine terminate an intra-atrial reentrant tachycardia, gradual slowing of the atrial cycle length typically occurs before termination. Atrioventricular conduction delay and/or block may or may not precede or be associated with tachycardia termination. The appearance of A–V block with maintenance of the SVT strongly suggests a supranodal origin.



FIG. 8-134. Termination of sinus node reentrant SVT by carotid sinus pressure (CSP). CSP gradually slows, then abruptly terminates SVT due to sinus node reentry.



No large studies have been conducted to systematically determine the effect of pharmacologic manipulation on intra-atrial reentrant arrhythmias. However, intravenous verapamil, digitalis, amiodarone, and beta-blockers can terminate these arrhythmias ( 170,171). While termination is the rule for sinus node reentry, reentry remote from the sinus node may also respond. In my experience approximately one-third of tachycardias distant from the sinus node respond to these agents. There is some disagreement in the literature about responsiveness of intra-atrial reentry to pharmacologic and physiologic maneuvers ( 173,174). Reasons for this discrepancy include (a) inclusion of atrial flutter; (b) excluding sinus node reentry; (c) failing to adequately define the mechanism of the atrial tachycardia; and (d) different patient populations.



AUTOMATIC ATRIAL TACHYCARDIA Although the vast majority of paroxysmal SVT is due to reentry, enhanced automaticity is the most common mechanism of atrial tachycardia studied in our laboratory. This may not represent its frequency in the general population, but may represent the fact that automatic atrial tachycardia is less easilly treated than other atrial tachycardia mechanisms, so it is more often referred for electrophysiologic evaluation. Automatic atrial tachycardia tends to be either chronic and persistent or transient and related to specific events ( 17,18,173,176,177 and 178). In most adult cases, organic heart disease is present. In hospitalized patients, the most common form of automatic atrial tachycardia is transient. This is most often associated with myocardial infarction, exacerbation of chronic lung disease, especially with acute infection, alcohol ingestion, and a variety of metabolic derangements (e.g., hypokalemia). Specifically, catecholamine release, hypoxia, atrial stretch, and drugs (e.g., amphetamines, cocaine, caffeine, and theophylline) are important precipitating factors. Because most hospitalized patients with automatic atrial tachycardia are severely ill, the studies of automatic atrial tachycardia have only been performed in incessant and chronic cases. Incessant automatic atrial tachycardia is a not uncommon clinical problem in children and is being recognized more frequently in adults ( 177,178). The rates of automatic atrial tachycardia at rest are usually slower than those of intra-atrial reentrant tachycardia. Typically, they never exceed 175 bpm and may be as slow as 100 bpm. However, the rates of automatic atrial tachycardias are influenced significantly by endogenous catecholamines and can go from 100 bpm at rest to greater than 250 bpm on exercise. Such tachycardias, when present for long periods of time, can lead to a reversible tachycardia mediated cardiomyopathy ( 179,180 and 181). Automatic atrial tachycardia cannot be predictably and reproducibly initiated or terminated by single or multiple APDs or rapid atrial pacing ( 16,17 and 18,176,177 and 178). When the onset of automatic atrial tachycardia is observed, the first complex usually occurs late in the cardiac cycle and is therefore unassociated with significant atrial or A–V nodal conduction delay ( Fig. 8-135). The cycle length of the ectopic focus tends to progressively shorten for several cycles until its ultimate rate is achieved (warm-up). Because the rhythm is initiated by enhanced automaticity of a single focus, the first and subsequent P-wave and atrial activation sequences are identical. This is in contrast to most forms of reentrant SVT, in which the initial and subsequent P waves differ. The initial and subsequent P waves of a reentrant SVT can be the same only if the reentrant circuit is very small and is localized to the site of stimulation or during incessant tachycardias induced by sinus node acceleration where concealed block is produced by sinus node acceleration and slow conduction is already present. The atrial activation sequence during automatic atrial tachycardia depends on the site of the automatic focus but always differs from normal sinus rhythm. The most common sites of origin of automatic tachycardias are along the crista terminalis, the atrial appendages, the triangle of Koch, the pulmonary veins, and the coronary sinus. Most early sites exhibit multicomponant electrograms suggesting poor coupling in the region of enhanced impulse formation. Whether or not the uncoupling is necessary to allow automaticity to occur is unknown. Examples of an atrial tachycardia arising from the crista terminalis and the os of the coronary sinus are shown in Figure 8-136 and Figure 8-137.



FIG. 8-135. Initiation of automatic atrial tachycardia. Automatic atrial tachycardia (AAT) begins spontaneously after the third sinus complex ( top panel). No A–H prolongation is required. The P-wave morphology differs from sinus, as does the atrial activation sequence ( dotted lines, bottom panel). The initial and subsequent P waves have the same morphology and atrial activation sequence. See text for further discussion.



FIG. 8-136. Example of an atrial tachycardias arising from the crista terminalis. A. Intracardiac recordings from the ablation catheter (ABC) at the low crista terminals, a reference (Ref) catheter in the appendage, the HRA, and CS are displayed with ECG leads I, II, III, and V 1. The activation times are schematically depicted in B.



FIG. 8-137. Example of an atrial tachycardias arising from the os of the coronary sinus. ECG leads I, II, III, and V 1 are shown with intracardiac recordings from the His, the ablation catheter (ABL), CS and RVA. Earliest activation is recorded in the distal ABL at the os of the CS, 45 msec prior to the P wave on the ECG.



The P–R and A–H intervals during automatic atrial tachycardia are directly related to the rate of the tachycardia; the faster the rate, the longer the intervals. As with other SVTs originating in the atria, automatic atrial tachycardia can exist in the presence of A–V block, and most of the chronic SVTs associated with A–V block are



probably examples of automatic atrial tachycardia. The physiologic maneuvers such as CSP that selectively produce A–V block do not generally affect the automatic focus, and automatic atrial tachycardia continues ( Fig. 8-138). However, in the majority of our patients (particularly with atrial tachycardias localized to the crista and the low atrial septum) adenosine produces transient slowing of the atrial tachycardia, but does not terminate it ( Fig. 8-139). Of all the pharmacologic agents only beta-blockers have been useful in transient cases. Incessant atrial tachycardia responds poorly to antiarrhythmic agents and therapy is either a curative ablation (see Chapter 15) or rate control. Because the focus is in the atrium, bundle branch block also does not influence the tachycardia, and unless the H–V interval prolongs on the development of bundle branch block, the QRS intervals will also be unchanged. Marked prolongation of the H–V interval, however, may alter the cycle at which bundle branch block first developed.



FIG. 8-138. Effect of carotid sinus pressure on automatic atrial tachycardia (AAT). CSP applied during AAT at a cycle length of 300 msec results in a 2:1 A–V block without affecting the AAT cycle length. See text for further discussion.



FIG. 8-139. Adenosine produces transient slowing of the atrial tachycardia, but does not terminate it. ECG leads I, II, II, and V1 are shown with electrograms from the HRA, His, CS, and RV. Adenosine is administered during a long tachycardia. A–V block occurs with persistence of a slower atrial tachycardia. The N–V intervals depend on the A–A intervals. See text for discussion.



The effects of stimulation during automatic atrial tachycardia are similar to those reported for other automatic tissues (e.g., the sinus node) ( 173,176,177 and 178). APDs delivered at long coupling intervals, especially from sites distant to the automatic focus, do not affect the focus, and full compensatory pauses result. More premature APDs reset the automatic focus (Fig. 8-140). The pauses during resetting are less than compensatory. After the automatic atrial tachycardia is reset by APDs, the return cycle usually remains constant over widening coupling intervals. This plateau is analogous to the one noted during zone 2 (the zone of reset) of the curve relating sinus responses to APD coupling intervals (see Chap. 3). The difference between cycle length of the automatic atrial tachycardia and the “fixed” pause is assumed to represent conduction time of the APD into and out of the area of automatic activity. One of the hallmarks of automaticity in normally polarized tissue is that pacing produces overdrive suppression ( 173,176,177 and 178). Although this is primarily felt to be due to overdrive suppression of automaticity, it may also reflect abnormalities of conduction out of the focus analogous to the responses of the S–A node to overdrive suppression. Abnormal automaticity in depolarized tissue may not exhibit overdrive suppression. Some atrial tachycardias also manifest exit block, which may be of the Mobitz I or Mobitz II variety. An example of atrial tachycardia with exit block is shown in Figure 8-141. Characteristics of automatic atrial tachycardia are given in Table 8-9.



FIG. 8-140. Resetting of automatc atrial tachycardia. Leads 1, aVF, and V 1 are shown with electrograms from the HRA, HBE, low-right atrium (LRA), proximal, and distal CS, and RVA. Following three beats of a low-left atrial rhythm (earliest activation in CS p), an APD is introduced from the HRA, which resets the tachycardia, advancing it by 20 msec. See text for discussion.



FIG. 8-141. Automatic atrial tachycardia with exit block. Leads 1, aVF, and V1 are shown with distal (RAAd) and proximal (RAAp) electrograms from the right atrial appendage (RAA), posterior (HRA post), posterior RAA (RAA p), and SVC at the right atrial junction (SVC-RA) from a hexipolar catheter, HBE, and proximal and mid-CSm. Atrial tachycardia with the earliest activation at the SVC-RA junction is present with 1:1 conduction. There is a gradual shortening of the tachycardia cycle length followed by a pause in repetitive cycles consistent with exit Wenckebach from that focus.



TABLE 8-9. Criteria for Automatic Atrial Tachycardia



Inappropriate sinus tachycardia is an uncommon, but frustrating arrhythmia. In my experience, this disorder is almost universally observed in young women, many of them in the medical field. These patients complain of palpitations in response to minimal exertion, excitement, and, in particular, stress. Although these patients manifest symptoms suggestive of autonomic dysfunction, the exact mechanism of the tachycardia and symptoms is poorly understood. A recent study by Morillo et al. (182) has shed some light on this disorder. Although there was no significant difference in autonomic tone from controls, based on heart rate variability, in the supine and upright position these patients exhibit decreased cardiovagal responses, beta-adrenergic hypersensitivity, and a high intrinsic heart rate. Pharmacologic therapy is usually ineffective. Radiofrequency ablation of the sinus node has been effective in the short term, but has a high (70%) recurrence rate and limited effect on symptoms.



ATRIAL TACHYCARDIA DUE TO TRIGGERED ACTIVITY Atrial tachycardia due to triggered activity is rare in the outpatient in the absence of digitalis intoxication. Most frequently, triggered atrial tachycardias occur during exercise, during acute illnesses associated with excess catecholamines, or in response to the use of adrenergic agents (e.g., for asthma) or drugs that enhance catecholamines (e.g., caffeine, theophylline). These arrhythmias characteristically can be initiated and terminated by programmed stimulation. Rapid pacing is more efffective than timed extrastimuli for both initiation and termination. Frequently initiation requires administration of exogenous catecholamines (e.g., isoproterenol) or methylxanthines. These arrhythmias are produced by cyclic AMP-mediated phosphorylation and activation of the calcium channel. The cellular calcium overload leads to development of a transient inward current that produces the delayed afterdepolarizations responsible for the tachycardia. Monophasic action potential recordings can be used to detect afterdepolarizations, but care must be taken to exclude artifact ( 173). These rhythms are extremely sensative to a variety of perturbations. Carotid sinus pressure and other vagal maneuvers, adenosine, verapamil, and beta-blockers can all terminate these arrhythmias ( Fig. 8-142) (173,174). Sodium channel blocking agents can also suppress the arrhythmias.



FIG. 8-142. Effect of adenosine and verapamil on atrial tachycardia due to cyclase mediated triggered activity. Catecholamine triggered atrial tachycardia is present in both panels. Adenosine and verapamil terminate SVT.



The response of the arrhythmias to programmed stimulation is often characteristic. As shown in Figure 8-143 overdrive pacing produces acceleration of the tachycardia and a shortening of the interval to the first beat of the tachycardia and the paced cycle length is decreased.



FIG. 8-143. Effect of overdrive pacing on atrial tachycardia due to triggered activity. Panels A–D are organized similarly. ECG leads I, II, V 1 and recordings from the HRA, His, and pulmonary artery (PA). Panel A. Atrial tachycardia is present with a cycle length of 430 msec. Panels B–D. PA pacing at progressively shorter cycle lengths is associated with a shortening to the first unpaced cycle and initial tachycardia cycle length. Overdrive acceleration is characteristic of triggered rhythms.



MULTIPLE SVT MECHANISMS IN INDIVIDUAL PATIENTS We have seen cases of reentry in both the A–V node and sinus node in the same patient ( Fig. 8-144) (167,172). It is not surprising that sinus node and A-V nodal reentry can occur either simultaneously or at different times in the same patient in light of the fact that both of these structures have similar electrophysiologic properties. In addition, single complexes of one form of reentry may initiate sustained arrhythmias of a different variety. In Figure 8-145, atypical A-V nodal reentry is initiated by a sinus node reentrant echo. In three patients we observed both sinus and A-V nodal SVT at different times. Paulay et al. ( 172) described a simultaneous occurrence of sinus and A–V nodal reentrant SVT, with one form of SVT concealing the presence of the other. The development of A–V nodal block, which terminated the A–V nodal tachycardia, allowed the sinus node reentry to become manifest.



FIG. 8-144. Sinus and A–V nodal reentrant SVT in one patient. A. Two APDs (S, arrow) delivered at 325 and 300 msec coupling intervals result in sinus node reentrant SVT. B. When the two APDs are delivered at 300 and 300 msec, respectively, enough A–V nodal delay is produced (A–H = 390 msec) to initiate A–V nodal reentrant SVT.



FIG. 8-145. Initiation of A–V nodal reentry by a sinus node echo. An APD (S, arrow, Ap) is delivered at a coupling interval of 300 msec. A p blocks below the His bundle, and it simultaneously gives rise to a sinus node echo (fourth A). The sinus echo then produces the uncommon form of A–V nodal reentrant SVT.



Atrioventricular nodal reentry has been observed in patients with bypass tracts, and multiple mechanisms of arrhythmias may be present when multiple bypass tracts are present (183,184 and 185). The presence of AVNRT in patients with concealed or manifest bypass tracts is not uncommon. In our experience, 8% to 10% of patients with concealed or manifest bypass tracts will manifest some form of AVNRT ( Fig. 8-146). This may be related to the high incidence of dual A–V nodal pathways observed in such patients. An example of intra-atrial reentrant SVT alternating with AVNRT is shown in Figure 8-147. Since the atrial tachycardia occurred during slow pathway conduction, the P wave was hidden within the QRS and distinction from AVNRT was not possible without intracardiac recordings. In addition, atrial flutter and fibrillation may occur in patients with paroxysmal SVTs. Although this is most common in the Wolff-Parkinson-White syndrome during circus movement tachycardia (see Chap. 10), we have seen atrial flutter and/or fibrillation develop in the course of SVTs that are due to many mechanisms and as an independent arrhythmia (Fig. 8-148). The incidence of atrial fibrillation may be as high as 10% in patients with SVT, but is obviously influenced by both age and the presence of organic heart disease.



FIG. 8-146. Coexistence of SVT using a concealed bypass tract and AVNRT. ECG leads 1, 2, and V1 are shown with electrograms from the RV, right atrium (RA), His bundle (HB), and CS proximal to distal (top to bottom). The first four complexes are SVT using a concealed left lateral bypass tract. A left ventricular VPD preexcites the atrium over the bypass tract to produce block in the fast pathway and conduction down the slow pathway, which initiates AVNRT.



FIG. 8-147. Simultaneous presence of atrial tachycardia and AVNRT. The figure is from the same patient as in Fig. 8-130. AVNRT is present during the first half of the tracing, following which atrial tachycardia takes over. Note change in atrial activation sequence.



FIG. 8-148. Initiation of A–V nodal reentry and atrial flutter in the same patient. A. A–V nodal reentry is initiated by an APD. B. Two APDs initiate atrial flutter with 2:1 block. See text for discussion.



OVERVIEW Programmed stimulation and intracardiac recording techniques have resulted in the reclassification of SVT. The incidence of the various types of SVT listed in Table 8-2 is representative of most laboratories. Although specific diagnostic criteria during electrophysiologic studies for most of the forms of SVT are listed in Table 8-5,Table 8-6,Table 8-7,Table 8-8,Table 8-9,Table 8-10 and Table 8-11 , certain clues are available on the surface ECG ( 17,186,187 and 188). A systematic approach to the ECG will provide much of this information. The first step in analyzing the ECG is to localize atrial activity. The P-wave morphology and the relationship of the P wave to the QRS complex during SVT can be readily ascertained in most patients. If P waves during a paroxysmal SVT are identical to sinus P waves, the SVT most likely uses a sinus node reentry. P waves that are inverted in the inferior leads can represent reentry using the A–V junction (i.e., either A–V nodal reentry or A–V reentry using a posteroseptal CBT) or a low atrial tachycardia. Reentry using a CBT almost always has a shorter R–P interval than P–R, with the exception of slowly conducting bypass tracts. The short R–P interval helps distinguish it from intra-atrial reentrant tachycardias (R–P > P–R) and from A–V nodal reentry in which the P wave is usually buried within the QRS or results only in a slurring of the terminal QRS. Other locations of CBT can give rise to different P-wave morphologies, but a fixed and short R–P, regardless of changes in cycle length, always maintaining a 1:1 V–A relationship, is most compatible with SVT using a CBT. Paroxysmal SVT in which no P waves can be seen is almost always due to A–V nodal reentry, with the possible exception of atrial arrhythmias with P–R intervals that are so prolonged as a result of A–V nodal disease that the P wave is inscribed during the prior QRS. Junctional tachycardia can also mimic A–V nodal reentry, but it is nonparoxysmal and usually is related to drug toxicity (i.e., digitalis), metabolic derangements, or infarction, or is a consequence of valvular surgery.



TABLE 8-10. Locations of Concealed A–V Bypass Tracts (652 Patients)



TABLE 8-11. Criteria for Atrial Tachycardia Resulting from Triggered Activity



Alternation of the QRS complexes also can provide some help in recognizing the mechanism of SVT ( 186,187 and 188). During relatively slow tachycardias, alternation is almost always related to SVT using a CBT. During SVT with very rapid rates, alternation still is most common in SVT using CBT; however, it may be seen with other types of SVT as well. The R–P and P–R patterns and their relative incidence are summarized in Figure 8-149 and Figure 8-150. The observation of A–V dissociation or A–V block during SVT rules out the existence of a functioning CBT and makes A–V nodal reentry unlikely (although this can occur). The use of drugs and/or CSP to produce A–V block can help the physician determine the mechanism of the SVT.



FIG. 8-149. QRS-P-wave relationships and configurations in patients with rapidly conducting CBTs showing conducting (“sick”) bypass tracts. The P-QRS relationships in A–V nodal reentry (AVN-RT), intra-atrial reentry (IART), automatic atrial tachycardia (AAT), sinus node reentry tachycardia (SANRT), and atrioventricular reentry (AVR) using a CBT. See text for discussion.



FIG. 8-150. Differential diagnosis of tachycardias with different R–P/P–R relationships and P-wave configurations. See Figure 8-115 for abbreviations.



Successful therapy of SVT, whether medical, electrical, or ablation, depends on the knowledge of the underlying mechanisms and site of origin of the arrhythmia. Patients with recurrent SVT should undergo electrophysiologic evaluation and therapy chosen on the basis of a drug's ability to prevent the initiation or to aid in the termination of the arrhythmia. The manner in which such sequential studies are performed is described in Chapter 12. Obviously, studies are required to localize the origin of the tachycardia for catheter ablation as well as to determine the tachycardia-terminating stimulation mode for antitachycardia pacing. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38. 39. 40. 41. 42. 43. 44. 45. 46. 47. 48. 49. 50. 51. 52. 53. 54. 55. 56. 57. 58. 59. 60. 61. 62. 63. 64. 65. 66. 67. 68. 69. 70. 71. 72. 73. 74.
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Atrial fibrillation and its cousin, atrial flutter, are the most common arrhythmias with which we must deal clinically, yet they are really a group of arrhythmias about which we know least. For the past decade experimental data, as well as clinical electrophysiology studies, have allowed a better understanding of these arrhythmias. It appears that they represent a heterogeneous group of disorders, which are markedly influenced by the functional and anatomic structures of the right and left atrium. Atrial fibrillation and flutter frequently co-exist and can appear spontaneously or can be induced in the same patient. As such, this chapter will deal with this group of arrhythmias, which include atrial fibrillation and flutter. The clinical and electrophysiologic definitions of atrial fibrillation and flutter are hard to decipher. More recently atrial fibrillation has been divided into paroxysmal (self-terminating), persistent (lasting days or weeks until converted by electricity or pharmacologically), and chronic (non-cardiovertible). Others have tried to categorize atrial fibrillation by assumed mechanisms, such as a focal atrial fibrillation, vagally mediated atrial fibrillation, sympathetically mediated atrial fibrillation, etc. Atrial fibrillation has also been classified based on whether or not it appears as an isolated electrical phenomenon (lone atrial fibrillation) or whether it is associated with some form of organic disease. All of these classifications have limitations. The fact that there are so many definitions attests to our lack of total understanding of this arrhythmia. Atrial flutter, about which we know more, is also heterogeneously defined. Typical flutter is a term now used to describe both “classic” counterclockwise flutter in which the inferior leads demonstrate a sawtooth-like undulating baseline with positive flutter waves in lead V 1 and negative flutter waves in V6, and clockwise flutter, which has positive, notched flutter waves in the inferior leads and in V 6 and negative flutter waves in V 1. Both of these patterns are currently believed to be due to reentry with opposite directions of activation (counterclockwise and clockwise) in the same anatomic circuit. The term “atypical” typical flutter is currently applied to any flutter that is different from these two. This might involve an organized rhythm related to prior surgery in the right atrium, around the pulmonary veins or post ablation, or potentially even around a repaired atrial septal defect. Moreover, it is now well recognized that automatic atrial tachycardia can produce an ECG quite similar to that of atrial flutter. Since the definition of atrial flutter requires a rate between 220 and 320 beats a minute, it is necessary to distinguish a reentrant mechanism from an automatic mechanism. Given all these variables, this chapter will discuss the role of electrophysiology studies in evaluating these arrhythmias. Programmed atrial stimulation and endocardial activation mapping techniques has been used to (a) analyze the electrophysiologic substrates of atrial conduction, refractoriness, and ectopic atrial impulse formation that may be responsible for the initiation of either atrial flutter or fibrillation; (b) establish the electrophysiologic mechanism and clinical significance of spontaneous and induced atrial flutter or fibrillation; (c) provide a method of evaluating the site of origin of ectopic impulse formation if present, and/or the site and size of the reentrant circuit (if present) of atrial flutter by defining patterns of atrial activation during flutter; (d) characterize the presence and extent of excitable gap in reentrant atrial flutter or during atrial fibrillation; (e) provide information concerning the ability to terminate atrial flutter by pacing; (f) define sites required for successful ablation of atrial flutter and develop electrophysiologic and/or anatomically based procedures to prevent atrial fibrillation; (g) evaluate the effect of pharmacologic agents on initiation and/or maintenance of fibrillation or flutter; and (h) define a role of preventative pacing and atrial defibrillation as therapeutic options for atrial flutter and fibrillation. Additional benefits of an electrophysiologic study are the ability to determine the nature of wide complex rhythms during these tachycardias, which can have clear-cut diagnostic and therapeutic implications.



ELECTROPHYSIOLOGIC AND ANATOMIC SUBSTRATES OF ATRIAL FLUTTER AND FIBRILLATION Atrial fibrillation occurs in many disease states, but can occur in the absence of disease, i.e., lone atrial fibrillation. Even in those cases of lone atrial fibrillation, pathologic studies have demonstrated a variety of abnormalities including myocardial hypertrophy, vacuolar degeneration, ultrastructural evidence of fibrillolysis, lymphocytic infiltrates, and patchy fibrosis, all of which suggest a myopathic process with various degrees of inflammation ( 1). While none of these abnormalities are specific for patients developing spontaneous atrial fibrillation, similar findings were not observed in patients undergoing open heart surgery for Wolff Parkinson White syndrome and no history of atrial fibrillation. Moreover, the anatomy of the atria is very complex, being derived from regions with trabeculated myocardium (free wall of right and left atrium), multiple orifices (superior and inferior vena cava), coronary sinus, ostia of the pulmonary veins, the mitral and tricuspid annulae, and the region of the fossa ovalis, which is multilayered. These abnormal regions, in and of themselves, produce abnormalities of propagation in the absence of differing electrophysiologic properties. However, to complicate matters, the cellular electrophysiology of the various parts of the atrial tissue vary. For example, along the crista terminalis cells possess phase 4 depolarization and a prolonged phase 2, following a transient outward current ( 2). Septal myocardial cells do not show diastolic depolarization and have triangulated action potentials. Other areas in the atrium show post-repolarization refractoriness due to different recovery kinetics of potassium currents. Thus, there is heterogeneity of recovery of excitability or functional refractoriness throughout the atria. Anisotropic propagation is nonuniform and gets progressively more nonuniform with age. Spach and his colleagues ( 3,4) have shown that with aging there is loss of side-to-side connections along the thick muscle of the crista terminalis, which provides a substrate for reentrant excitation in very small areas. The atria are also markedly influenced by cholinergic as well as sympathetic innervation. This has also been shown to occur in a heterogeneous fashion ( 5). Thus, the atria have anatomic, electrophysiologic, and neurological heterogeneity to such an extent that it is surprising why everybody doesn't have atrial arrhythmias. Clinical electrophysiologic observations in our laboratory ( 6,7,8 and 9) and those of others (10,11,12 and 13) have clearly pointed out certain common abnormalities of conduction and refractoriness present in patients who have atrial flutter and/or fibrillation. These are enumerated below. Conduction Defects in Patients with Atrial Fibrillation and Flutter Numerous patients with atrial fibrillation and flutter have significant intra-atrial conduction defects manifested on the surface electrocardiogram by broad (110 msec or greater) and notched P waves in the inferior leads, and a negative P terminal force of 1 mm in depth and duration in V 1, and/or a delayed terminal positive force in aVL. These are characteristic findings of so-called left atrial abnormality and are present in the vast majority of patients with atrial flutter or fibrillation regardless of the underlying etiology. The broad notched P wave in the inferior leads is the most common abnormality of the delayed terminal negative force, V 1 being the next most common. One or more of these abnormalities are seen in 80% to 85% of patients with these arrhythmias. In nearly two-thirds of patients, the P-wave duration exceeds 120 msec. We have now mapped more than 100 patients with left atrial abnormality using standard recordings from the high-right atrium, the low septal right atrium at the A–V junction, and at the proximal, lateral, and anterior sites in the coronary sinus, and relating the local activation time to the onset of the P wave. As noted in Chapter 2, normal right atrial activation is 35–55 msec and activates from the P to the greater sites and the coronary sinus ranges from 60–90 msec ( 14). For patients with so-called left atrial abnormalities, right atrial conduction time is normal in 80% of patients with a mean right atrial conduction time of less than 50 msec. For the remaining patients, right atrial conduction time was only modestly prolonged except for six patients with dilated cardiomyopathy who had prolonged right atrial



conduction times exceeding 62 msec. In contrast, intra-atrial conduction time as measured from the P wave to the left lateral atrial recorded from the mid- or distal CS was present in nearly 94% of our patients ( Fig. 9-1). Where the site of delay is located is unclear, but there appears to be delay between the right and left atrium at the region of Bachman's bundle as well as at the lower septum. A more detailed analysis of intra-atrial conduction during sinus rhythm in patients with atrial fibrillation is important to assess the potential role of intra-atrial conduction disturbances in the pathogenesis of atrial fibrillation. Detailed mapping with the Carto system (Biosense, Cordis/Johnson and Johnson, see Chap. 3) would be of value in this regard. In addition, accurate statements about conduction times across the atria would require mapping along the posterior left atrium and left atrial septum in order to more specifically localize the sites of delay.



FIG. 9-1. Atrial activation of electrocardiographic left atrial abnormality.



Other investigators (2,15,16) have quantitated the electrophysiologic characteristics of atrial endocardial electrograms from the right atrium. They have quantified them in terms of duration and number of fragmented deflections as defined by the number of negative deflections in the electrogram. Normal electrograms were 74 ± 11 msec in duration with 3.9 ± 1.3 negative deflections, respectively. Abnormal electrograms were defined as those with a duration of ³100 msec and/or 8 or more fragmented deflections. Mapping was only performed in the right atrium in all of these studies. Twelve atrial sites, including anterior, lateral, posterior, and septal sites were measured at the high, mid- and low-right atrium. Only 23% of control patients had any fractionated electrograms while 68% of patients with paroxysmal, lone atrial fibrillation and 83% of patients with atrial fibrillation/flutter and sick sinus syndrome had abnormal electrograms. Those with the longest duration and the most fractionation were seen in patients with atrial fibrillation and flutter and sick sinus syndrome, and two thirds of the abnormal electrograms were found in the high-right atrium either posteriorly or laterally. The absence of any left atrial mapping data limits the ability to establish a causal relationship of these abnormal electrograms to the presence of atrial flutter or fibrillation. These electrograms, however, do represent marked nonuniform anisotropy and suggest an increased amount of fibrosis in those patients with these electrograms and atrial fibrillation. We and others have been interested in evaluating the response of intra-atrial conduction to atrial extra stimuli during atrial pacing and cycle lengths of 600 and 450 msec (7,8,9 and 10). In our initial studies ( 7) we analyzed standard recordings from the high-right atrium, the His bundle recording site, and the mid-coronary sinus to evaluate intra-atrial conduction times, maximum intra-atrial conduction delay at both the A–V junction and mid-coronary sinus, and the zone of coupling intervals over which delays were noted. No conduction delays were noted in response to late coupled extrastimuli in both control patients and those with atrial fibrillation or flutter. However, as extrastimuli were delivered with increasing prematurity, progressive intra-atrial conduction delay occurred. In patients without a prior history of arrhythmias (controls), intra-atrial conduction delays only occurred at coupling intervals just above refractoriness, whereas in those patients with a history of atrial flutter and or fibrillation, conduction delays occurred at much longer coupling intervals ( Fig. 9-2). The differences in response to atrial extrastimuli between control patients and those with atrial flutter or fibrillation are shown in Figure 9-3 and Figure 9-4. While in the control patients there was very little conduction delay up to atrial refractoriness, in patients with a prior history of atrial flutter of fibrillation these atrial conduction delays were seen beginning 50 msec above refractoriness ( Fig. 9-4). Thus the relative refractory period of the atrium is longer in patients with a history of atrial flutter or fibrillation. Although the degree of local delay at the high-right atrial stimulation site was similar in both control patients and those with atrial flutter and fibrillation, the maximum intra-atrial conduction delay in response to premature high-right atrial extrastimuli at a paced cycle length of 600 msec was greater in patients with a history of atrial flutter and fibrillation than in control patients when measured both at the A–V junction and at the CS (Fig. 9-5). Of note, when atrial extrastimuli were delivered at a paced cycle length of 450 msec, there was no difference in maximum conduction delay between controlled patients and those with atrial flutter and fibrillation. This was related to the ability of the control group to achieve shorter coupling intervals, and maladaptation of refractoriness noted in patients with a history of atrial flutter and fibrillation (see subsequent paragraphs). These data, however, suggested that a greater degree of intra-atrial conduction delay in response to relatively late atrial extrastimuli might be a marker for those patients predisposed to atrial arrhythmias ( 7,10).



FIG. 9-2. Response of intra-atrial conduction to premature stimuli in a control patient (left) and a patient with spontaneous atrial flutter (AF, right). S1–S2 represents coupling intervals of extrastimuli to the last beat of an eight-beat drive at paced cycle lengths of 600 msec for each patient. A 1–A2 represents conduction times to recording sites at the high-right atrium (HRA), His bundle electrogram (HBE), and coronary sinus (CS). Note the large zone of coupling intervals over which conduction delay is observed to recording sites at HBE and CS in the patient with a history of atrial flutter and/or fibrillation (right panel) and the greater degree of conduction delay at each recording site in the patient with atrial dysrhythmia. Stimulation in each patient was performed at the right atrial appendage at a drive cycle length of 600 msec. ERP = atrial effective refractory period. (From: Buxton AE, Waxman HL, Marchlinski FE, Josephson ME. Atrial conduction: effects of extrastimuli with and without atrial dysrhythmias. Am J Cardiol 1984;54:755.)



FIG. 9-3. Response of intra-atrial conduction to premature stimulation at a paced cycle length (PCL) of 600 in a patient without a history of atrial flutter/fibrillation. A. to C. From top to bottom, leads 1, aVF, V 1, electrograms from the HRA, HBE, distal (CSd), proximal (CSp), and RV. The atrial effective refractory period (AERP) in this patient was 230 msec. Premature atrial extrastimuli S 1S2 are delivered during a PCL of 600 msec. Progressively premature extrastimuli only produce slight intra-atrial conduction delays of 20 to 25 msec at coupling intervals just above atrial refractoriness. T = time line. (Adapted from: Buxton AE, Waxman HL, Marchlinski FE,



Josephson ME. Atrial conduction: effects of extrastimuli with and without atrial dysrhythmias. Am J Cardiol 1984;54:755.)



FIG. 9-4. Response of intra-atrial conduction to premature stimulation at a basic cycle length (BCL) of 600 msec in a patient with a history of atrial flutter and/or fibrillation. The atrial ERP in this patient was 230 msec. Progressive intra-atrial conduction delay occurs in response to increasing prematurity of extrastimuli. The maximal intra-atrial conduction delay observed to the atrioventricular junction (AVJ) recording site was 60 msec, and the maximal intra-atrial conduction delay observed to the CS recording site was 65 msec at an S 1–S2 interval of 240 msec (C). HRA = high-right atrium; T = time line. (From: Buxton AE, Waxman HL, Marchlinski FE, Josephson ME. Atrial conduction: effects of extrastimuli with and without atrial dysrhythmias. Am J Cardiol 1984;54:755.)



FIG. 9-5. Comparison of atrial conduction time in response to programmed stimulation from the high-right atrium in patients with and without atrial flutter. The maximum conduction time measured from the HRA in milliseconds to the AVJ and CS are shown in patients with atrial flutter (AFL, dark bar) and in control patients (hashed bar). It is readily apparent that the maximum intra-atrial conduction time from the HRA to the AVJ and to the CS is greater in patients with AFL than in controls. See text for further discussion. PCL = paced cycle length.



In order to further characterize these delays in more detail, we recently studied a group of patients using a decapolar catheter to record along the tendon of Todaro, a quadripolar catheter to record in the posterior portion of the triangle of Koch between the os of the coronary sinus and the tricuspid annulus, and a decapolar catheter in the coronary sinus to record the broader area in the left atrium ( 8). These studies demonstrated several important findings. First, high-right atrial stimulation was associated with intra-atrial conduction delays at the triangle of Koch and the coronary sinus at coupling intervals as much as 60 msec above refractoriness while stimulation of the coronary sinus in the same patients produced no such delays. Second, in those patients in whom atrial fibrillation was induced, a greater degree of delay was noted in the triangle of Koch than in those patients in whom no atrial fibrillation was induced. Third, the local electrogram duration in the posterior triangle of Koch was longer in those patients who developed atrial fibrillation in response to atrial stimulation than in those who did not ( Fig. 9-6). Of note, in patients without inducible atrial fibrillation, the width of electrograms in the triangle of Koch were similar during both high-right atrial and coronary sinus stimulation. These data suggest the prolonged conduction times during high-right atrial stimulation are common to patients with palpitations regardless of whether or not atrial fibrillation is inducible. However, nonuniform anisotropy in the area of the posterior triangle of Koch, and perhaps elsewhere, is quite important since left atrial extrastimuli rarely induce atrial fibrillation or flutter and are rarely associated with intra-atrial conduction delay, particularly in the posterior triangle of Koch ( Fig. 9-7). Additional studies using high-density mapping in both atrial chambers would be critical to decide if any particular site of conduction delay is necessary for initiation of atrial fibrillation and/or flutter.



FIG. 9-6. Effect of atrial stimulation on electrogram width in the posterior triangle of Koch. Response of electrogram width (ordinate) to high-right atrial (HRA) and coronary sinus (CS) stimulation in patients with and without atrial fibrillation are different. HRA stimulation is associated with increased width. CS stimulation is not associated with delay in either group. See text for explanation. (From: Papageorgiou P, Zimetbaum P, Monahan K, et al. Electrophysiology of atrial fibrillation. Lessons from patients in sinus rhythm. In: Murgatroyd FD, Camm AJ, eds. Non-pharmacological management of atrial fibrillation. Armonk, NY: Futura Publishing, 1998:173–184.)



FIG. 9-7. Influence of anisotropy on initiation of atrial flutter/fibrillation. Three panels are shown with ECG leads 1, aVF, V 1 and intracardiac recordings from the



high-right atrium (HRA) and His bundle (HBE). Atrial extrastimuli are delivered from the HRA (two left panels) and the coronary sinus (CS) at a paced cycle length of 600 msec. Extrastimuli from the HRA are associated with fragmentation in the HBE at a coupling interval of 280 msec and initiates nonsustained and sustained atrial flutter/fibrillation (Afl/AF) at coupling intervals of 260 and 250 msec, respectively. Stimulation from the CS at comparable coupling intervals neither produces fragmentation of the HBE or initiation of Afl/AF. See text for discussion.



Another important area of conduction block, which seems requisite to the induction of atrial flutter, is that along the crista terminalis ( 17,18,19 and 20). Studies of transverse cristal conduction are best performed using a 20 pole catheter placed along the crista terminalis with atrial activation rhythm evaluated during pacing at a variety of cycle lengths from the posterior right atrium medial to the crista and the trabeculated right atrium lateral to the crista. Such studies suggest that the crista forms a functional arc of block in most cases. The difference between fixed and functional block are shown in Figure 9-8. During slow pacing from these areas, no split potentials are usually seen; however, during rapid pacing from the low posterior right atrium split potentials with opposite activation sequences are seen ( 17,18,20). In patients with a history of atrial flutter, trans-cristal block appears during pacing at longer cycle lengths (mean 638 ± 119 msec) than during pacing in a patient without a history of atrial flutter (214 ± 23 msec) ( 17). The opposite activation sequence reflects activation caudo-cranially from the posterior to the crista terminalis and craniocaudally lateral to the crista terminalis. The longest cycle length at which transverse cristal block appeared was increased slightly by propranolol and to a greater extent by procainamide ( 17). A recent study from Almendral's group (20) demonstrated block in the crista at longer paced cycle lengths from the posterior wall or coronary sinus os than from the lateral wall in patients with typical, counterclockwise, isthmus-dependent flutter. They suggested that this is the reason that counterclockwise flutter is more frequent than clockwise flutter. However, other factors must be involved since counterclock-wise flutter is also induced in transplanted hearts in which the crista terminalis cannot play a role ( 21).



FIG. 9-8. Fixed versus functional barriers. In the diagrams, pacing is delivered medial to the potential barrier of the crista terminalis. Lateral to the crista is a multipolar catheter. Pacing is delivered at a rate depicted by “S.” Panels (A) and (B) depict a functional barrier. In panel A slow pacing propagates slowly across the crista, resulting in parallel activation on both sides of the crista. At faster rates (panel B) functional block occurs and activation proceeds around the block. This gives rise to split potentials with opposite acitvation sequences on either side of the line of block. Panel (C) depicts a fixed barrier in which conduction never crosses the crista regardless of the rate of pacing. (From: Olgin JE, Kalman JM, Lesh MD. Conduction barriers in human atrial flutter: correlation of electrophysiology and anatomy. J Cardiovasc Electrphysiol 1996;7:1112–1126.)



We have recently evaluated the presence and degree of anisotropy on intra-atrial conduction velocity measured from a high-density (240 poles; 2.2 mm intraelectrode distance) plaque placed perpendicular to the tricuspid annulus. Intra-atrial conduction velocity was measured in 16 radii during pacing from the center of the plaque at 600 msec, the fastest rate of 1:1 conduction (F max), and at a rate just above local atrial refractoriness. We found no differences in the degree of anisotropy in patients with chronic atrial fibrillation (post cardioversion), patients in whom atrial fibrillation could be induced, and those in whom no atrial fibrillation could be induced. The ratio of fast/slow conduction velocity was 2.1–2.3 in the patients during pacing at 600 msec and gradually decreased as the velocity was measured at more rapid-paced rates. This reduction was specifically related to a decrease in conduction velocity parallel to fiber orientation (in the so-called rapidly conducting direction) (Table 9-1). All patients showed significant direction-dependent conduction (anisotropy) with the fastest conduction perpendicular to the A–V groove ( Fig. 9-9). The relationship to this pattern of conduction to the activation patterns during atrial fibrillation will be discussed subsequently.



TABLE 9-1. Intra-atrial conduction velocity in patients with and without atrial fibrillation



FIG. 9-9. Anisotropic conduction over the epicardial free wall of the right atrium. An isochronic map and conduction velocities in 16 radii in response to central stimulation from a 240-pole plaque are shown. The plaque is positioned perpendicu-lar to the A–V groove with superior vena cava (SVC) on top. The isochronic map shows an elliptical pattern with rapid conduction perpendicular to the A–V groove and slow conduction parallel to it. The numbers represent conduction velocities (CVS) along each radius. The ratio of fast (CVF) to slow (CVS) conduction, the anisotropy index, is » 2. These findings suggest the presence of uniform anisotropy. (See Color Fig. 9-9.)



Atrial Refractoriness



Changes in atrial refractoriness could and should have a marked influence on development of reentrant arrhythmias. Patients with a history of paroxysmal fibrillation or flutter appear to have different characteristics of refractoriness than in control subjects ( 6,7,9,10). The right atrial refractory period is shorter in those patients in whom there is a history of paroxysmal atrial fibrillation or flutter than in controls ( Fig. 9-10). Similar observations have been noted in patients in whom atrial fibrillation is inducible ( 8,13). In addition, the high-right atrial refractory periods are shorter than those recorded in the coronary sinus at both cycle lengths of 450 and 600 msec (see Fig. 9-10). In patients with atrial arrhythmias, while the effect refractory period was shorter than that in the coronary sinus, the refractory periods in both the right atrium and the coronary sinus were not significantly different. Thus, patients with a history of atrial fibrillation of flutter, or those in whom it could be inducible, have not only shorter refractory periods than control subjects, but there is a difference in the refractory periods measured in the right and left atrium via the coronary sinus. Of particular note is the fact that while the effective refractory period at both high-right atrial and coronary sinus sites were shorter at a basic cycle length of 450 msec than at that determined at 600 msec, the degree to which the ERP shortened was different in those with a history of atrial fibrillation and flutter and those without ( Fig. 9-11). In patients with a history of atrial arrhythmias the effective refractory period of the high-right atrium failed to shorten as much at shorter paced cycle lengths as controls. In contrast, a decrease in refractoriness during coronary sinus stimulation was comparable in both the control and fibrillation/flutter groups. Thus, patients with a history of atrial fibrillation and flutter are characterized by a failure of adaptation of high-right atrial refractoriness when short and long cycle lengths are compared. These findings are similar to patients in whom atrial fibrillation was induced, as described by our group ( 6) and Attuel et al. (13). This failure of rate adaptation was noted even though many patients had been in sinus rhythm for days to weeks.



FIG. 9-10. Comparison of the effective refractory period from the high-right atrium and coronary sinus in patients with and without atrial flutter. The effective refractory period is plotted on the vertical axis in milliseconds. The refractory periods were performed from both the HRA (dark bars) and CS (hashed bars) at paced cycle lengths of 600 and 450 msec in patients with atrial flutter and in controls. The refractory period determined from the HRA was significantly shorter than that from the CS in patients with atrial flutter (216 vs. 246 msec) but not in control subjects. In addition, the effective refractory period at the HRA at a paced cycle length of 600 msec is shorter in patients with atrial flutter than in controls. At a cycle length of 450 msec, the effective refractory period of the HRA was shorter than from the CS in flutter patients (212 vs. 229 msec, p = .05). The control group had comparable effective refractory periods at the HRA and CS. See text for further discussion.



FIG. 9-11. The effect of cycle length on atrial refractoriness. The difference in effective refractory period ([trio] ERP) at cycle lengths of 600 and 450 msec is shown when stimulation is performed at the HRA and CS in patients with atrial flutter (AFL, dark bar) and in controls (hashed bars). It is apparent that the ERP measured at the HRA fails to shorten in response to a decreased cycle length. This blunting of cycle length responsiveness of HRA refractoriness is characteristic of patients with AFL. See text for further discussion.



Dispersion of atrial refractoriness has also been noted by Saksena's group ( 22). Misier et al. (23) also demonstrated a marked dispersion of refractoriness using a different technique than the extra stimulus technique. They looked at the average induced atrial fibrillation interval at 35 to 40 sites in patients with and without paroxysmal atrial fibrillation during open heart surgery. The average fibrillation interval was 152 ± 3 msec measured at 247 sites in patients with atrial fibrillation and 176 ± 8.1 msec at 118 sites measured in control patients. The variance of fibrillation at all recording sites was much larger in patients with a history of atrial fibrillation. The largest difference in atrial fibrillation intervals in adjacent sites was 22 msec in patients with prior atrial fibrillation and 7 msec in patients without a history of atrial fibrillation. The overall variance (difference between longest and shortest intervals) in 4-second snapshots was 31.2 msec versus 11.5 msec. While this measurement of refractoriness and dispersion refractoriness is much different than that of standard measurements, these investigators showed a linear relationship between the atrial fibrillation intervals and the refractory period determined by the extrastimulus technique at four of the measured sites. However, not surprisingly, the fibrillatory intervals were much shorter than the measured refractory periods determined by the extrastimulus technique. Thus, while the fibrillation interval does not measure the local refractory period, it is an indirect measure of refractoriness. Both methods demonstrate greater heterogeneity in patients with a history of atrial fibrillation. There has been recent interest in the role of remodeling of atrial electrophysiology by atrial fibrillation and its effect upon ease of induction and spontaneous recurrences of atrial fibrillation. This was first studied by Wijffels et al. ( 24,25) who demonstrated in chronically instrumented goats that rapid pacing results in shortening of atrial refractory periods, which is progressive over time. This was correlated with an increased ease of inducibility and duration of atrial fibrillation. Following short periods of pacing for minutes only, short episodes of atrial fibrillation could be induced as the refractory period shortened. By 24 hours of pacing, the refractory period had shortened maximally as measured by the standard atrial extrastimulus technique and by the fibrillation interval method described by Misier et al. (23). In Wijffels study these changes were not affected by autonomic blockade, glibenclamide in doses to block the ATP sensitive potassium current, or atrial pressure. Goette et al. (26) found similar results in closed-chest dogs. They found that during short periods of up to 7 hours of atrial pacing at 800 beats per minute, the effective atrial refractory period shortened despite autonomic blockade, absence of changes in atrial pressure, and pretreatment with glibenclamide. They found that the remodeling was blocked by verapamil and accentuated by hypercalcemia. Others ( 27,28) also demonstrated a reduction of tachycardia-induced electrical remodeling by verapamil. Daoud et al. ( 28) demonstrated that class I antiarrhythmic agents failed to prevent remodeling. While not systematically evaluated, Daoud et al. (28) noted persistent inducibility of atrial fibrillation in patients who were treated with saline or procainamide in whom remodeling was still present and diminished inducibility in those patients pretreated with verapamil. Tieleman et al. ( 27) on the other hand systematically studied the effects of verapamil on inducibility. While verapamil blocked the remodeling phenomenon there was a minimal effect of induci-bility of atrial fibrillation by verapamil. Thus, while it is tempting to speculate that rapid pacing as well as atrial fibrillation causes remodeling, which begets atrial fibrillation, remodeling may be merely a secondary phenomenon and not causally related to atrial fibrillation. However, it is certainly true that short refractoriness, particularly with dispersion of refractoriness, associated with the abnormalities of conduction present in patients with atrial fibrillation can be proarrhythmic. Certainly verapamil is not an effective agent for preventing or terminating atrial fibrillation, while class I agents, which do not affect remodeling, are most potent in terminating and preventing the atrial fibrillation. This suggests that there are other factors responsible for initiating atrial fibrillation that may include microscopic anatomic derangements, genetic predispostion to atrial fibrillation, variation in size, number, and thickness of pectinate bands in both atria, and the structure and function of the crista terminalis. Atrial Vulnerability It has been demonstrated both experimentally and in humans that premature atrial impulses falling in the relative refractory period (RRP) of the atria may produce one or more repetitive responses and may even induce atrial flutter or fibrillation ( 24,25,29,30,31,32,33,34,35,36,37,38,39 and 40). Potential mechanisms for these



observations include (a) the premature impulse triggers delayed after depolarizations, which result in one or more repetitive responses due to triggered activity ( 41,42 and 43); (b) the premature impulses initiate one or more reentrant circuits, which lead to repetitive firing. Several investigators ( 24,25,31,32,33,34,35,36,37,38,39 and 40) have demonstrated a relationship between the ability of atrial premature depolarizations (APDs) to initiate atrial fibrillation and/or flutter in isolated tissue preparations or intact experimental animal models (dogs and goats) when dispersion of atrial refractoriness and/or conduction is present. Much of the recent work in remodeling has suggested that dispersion of atrial refractoriness may be more important, although this has not been demonstrated to be causally related to initiation of repetitive responses or sustained atrial fibrillation in humans. The bulk of evidence suggests that most instances of repetitive responses induced by atrial premature impulses are due to reentry. Extensive mapping of more sustained repetitive responses using data, simultaneously collected from several hundred sites, has confirmed that long-lasting repetitive responses are due to reentry ( 34,35,44). Although the initial reentrant response may be due to an episode of circus movement, it may shift from a slow, single macroreentrant circuit (atrial flutter), or rapid, small circuit, into multiple “daughter” wavelets that characterize atrial activation seen in most cases of atrial fibrillation. The creation of such “daughter” wavelets depends on the initial or subsequent impulses encountering areas of insufficiently recovered tissue, creating secondary reentrant vortices distant from the initial site of reentry. Allessie and colleagues ( 35,36), using extensive simultaneous multisite mapping to analyze activation times and conduction velocities, have shown that atrial premature com-plexes that initiate atrial flutter and fibrillation have characteristic wavelengths, with the wavelength for flutter being longer than that for fibrillation. More recently, it has been demonstrated that atrial foci, which are rapidly firing, can lead to atrial fibrillation in an as yet uncertain percentage of patients with paroxysmal atrial fibrillation (perhaps 2% to 3%). In these patients, repetitive PACs or runs of atrial tachycardia from a single focus precede initiation of atrial fibrillation (45,46 and 47). In such cases, the atrial ectopic activity may be targeted for curative ablation of atrial fibrillation (see Chap. 14). This recent observation has led some people to suggest that the demonstration of induced repetitive atrial responses, particularly when they produce short runs of atrial fibrillation, may be a useful marker of propensity to spontaneous atrial fibrillation. I disagree with this assumption, which is not based on any prospective studies. Nevertheless, the ability to perform programmed atrial stimulation allows the investigator to evaluate the nature of repetitive responses to atrial extrastimuli in a controlled fashion and relate that to the presence or absence of spontaneous atrial arrhythmias. It has long been recognized that there is a zone of coupling intervals during which atrial extrastimuli are followed by repetitive responses and that the incidence of such responses increases as the coupling intervals are decreased ( Fig. 9-12). Repetitive atrial responses are observed in 10% to 20% of patients undergoing atrial stimulation during sinus rhythm using stimuli that are twice diastolic threshold and 1 to 2 msec in duration. In our experience, repetitive responses will commonly occur when the extra stimuli are delivered in the high-right atrium (HRA), particularly in the area at the superior crista terminalis near the sinus node or just inside the right atrial appendage. Occasionally, other atrial sites (e.g., the coronary sinus [CS] or the low-right atrium) may also result in repetitive firing, even when stimulation of the HRA fails to produce such responses. In my experience, this is far less likely than the repetitive responses induced with HRA stimulation. However, little data exist regarding the effect of stimulation at other left atrial sites, particularly in the regions of the pulmonary veins, or the intra-atrial septum in terms of inducing atrial fibrillation. Because the incidence of repetitive responses increases with the amount of delivered current, comparative inducibility of repetitive responses by stimulation at multiple atrial sites requires that comparable current is delivered at each of these sites of stimulation. Increasing the amplitude or pulse duration of delivered extrastimuli increases the frequency of repetitive responses regardless of site of stimulation. This results because (a) increasing the current results in the ability to achieve shorter coupling intervals and encroachment on the RRP that is due to well-known strength-interval relationships and (b) increase in the voltage and duration of the impulse depolarizes local tissue, causing slow conduction and localized reentry at the site of stimulation.



FIG. 9-12. Repetitive atrial response initiated by a single atrial extrastimulus. From top to bottom: ECG leads 1, aVF, and V1 and electrograms from the high-right atrium (HRA), coronary sinus (CS), area of His bundle recording (HBE), and right ventricle (RV). An atrial extrastimulus (S, arrow) is delivered from the HRA at a coupling interval of 195 msec from the preceding sinus impulse. The stimulus is associated with latency (S-to-A delay) and is followed by an early atrial response. T = time lines.



Repetitive atrial responses may have activation sequences that are similar to those produced by the paced stimulus or may have a totally different atrial activation sequence. How similar they are may depend on how many simultaneous sites of atrial activation are being recorded. Those repetitive responses that originate at or near the site of stimulation are usually associated with conduction delay between the site of stimulation and the local electrogram recorded from the proximal electrodes on a quadripolar catheter (i.e., so-called latency). This can be seen following the atrial extrastimulus in Figure 9-12. Conduction delays at the initiation of repetitive responses occurring distant from the site of stimulation require recording from multiple intra-atrial sites. In such cases, intra-atrial delay (i.e., conduction delay to sites distant from the site of stimulation or at those sites), with or without local delay at the stimulation site, will be present. These local or intra-atrial conduction delays most likely result because the stimulus is delivered during the RRP of the atria. Nonuniform atrial anisotropy, demonstrated by Spach et al. ( 3,4) in experimental models and in patients may also be responsible for the production of such delays in response to premature stimuli. The role of anisotropy in human arrhythmias has also been demonstrated as previously discussed. In the electrophysiology laboratory, the RRP is usually defined by the longest S 1, S2 interval at which latency is observed; that is, the coupling interval of S 1–S2 at which the A1–A 2 exceeds the S1–S2 interval. An earlier study in our laboratory ( 26) evaluating atrial strength interval relationships demonstrated that the RRP, defined by the onset of local intra-atrial conduction delay in response to atrial extrastimuli, was similar to that defined in a more traditional manner; that is, the requirement of increased current above threshold to produce a propagated response as a coupling interval is shortened. Our studies, therefore, suggest that latency, as measured clinically, is related to impingement on the atrial RRP. In patients without a history of atrial fibrillation or flutter, the RRP, as defined by either local latency or intra-atrial conduction delay in response to premature stimuli, occurs over a narrow range, usually within 20–30 msec above the atrial effective refractory ( 48). In patients with atrial flutter and fibrillation the duration of this zone is increased as described previously. Repetitive atrial responses must be distinguished from sinus node or A–V nodal echoes. By convention, the interval from the stimulated response to the first repetitive response must be less than 250 msec and must be unrelated to the presence of dual A–V nodal pathways or marked A–V nodal conduction delay. In most instances, this is not a difficult distinction to make, particularly if one records multiple atrial electrograms. Of note, when multiple atrial repetitive responses occur, the activation sequence and inter-atrial electrogram intervals may vary, particularly during initial responses. In our experience, atrial vulnerability, as defined by the ability of single APDs to initiate repetitive atrial responses, is increased when atrial extrastimuli are delivered during pacing (as compared to during sinus rhythm), particularly at short drive cycle lengths ( Fig. 9-13). Approximately 30% of patients manifest repetitive atrial responses when atrial extrastimuli are delivered from the HRA at paced cycle lengths of 600 to 450 msec. Similar data have been reported by others ( 49,50 and 51). Cosio et al. (51) demonstrated that repetitive responses not only were facilitated by pacing, but, as we have shown, were particularly frequent as the basic drive cycle length was decreased (i.e., the paced rate was higher). The repetitive responses initiated during the decreased drive cycle length were associated with a decrease in the ERP. Thus, shorter S 1–S2 and A1–A 2 intervals were achieved, and intra-atrial conduction delays were observed at these shorter coupling intervals. In their series, repetitive responses occurred in 40% to 50% of patients without a prior history of atrial tachyarrhythmias (many of these patients, however, had abnormal hearts).



FIG. 9-13. Effect of cycle length on atrial vulnerability. A. A cycle length of 600 msec, an atrial extrastimulus (S 2, arrow) delivered at a coupling interval of 210 msec produces a single repetitive response. When S 1–S2 is shortened to 200 msec, atrial refractoriness is reached. At a shorter drive cycle length of 500 msec ( B), atrial extrastimuli (S2) delivered at identical coupling intervals (S 1–S2 210 msec and 200 msec) produce a response identical to that shown in A. C. However, when the cycle length is decreased to 450 msec, an S 2 delivered at 210 msec produces two repetitive responses. When S 1–S 2 is shortened to 200 msec, atrial flutter is initiated. See text for further discussion. (From: Watson RM, Josephson ME. Atrial flutter 1. Electrophysiologic substrates and modes of initiation and termination. Am J Cardiol 1980;45:732.)



The mechanism of enhanced vulnerability at short drive cycle lengths could theoretically have several explanations: (a) a cycle length-dependent decrease in the atrial ERP to a greater extent than in the RRP; (b) an actual increase in vulnerability (i.e., a shift in the onset of repetitive firing to longer coupling intervals or the appearance of repetitive responses at similar A 1–A2 coupling intervals that previously failed to induce repetitive responses); or (c) the development of triggered activity. Most data point to reentry and not triggered activity as the mechanism of repetitive responses ( 31,32,33,34 and 35). Although an actual increase in vulnerability may occur in occasional instances, I believe the most important factor is that short drive cycle lengths decrease the ERP without a significant change in the RRP. Thus, the closer coupling intervals that were achievable would be more likely to encroach on the atrial RRP. This has been convincingly demonstrated in a study from our laboratory in which the strength-interval relationship was studied at multiple drive cycle lengths in 20 patients ( 48). The drive cycle lengths we evaluated included 600, 450, and 300 msec, a much broader range than studied in any prior investigation. An example of strength-interval curves at these three cycle lengths is shown in Figure 9-14. As can be seen, the curves are shifted to the left as the cycle length is decreased, such that the ERP (the steep portion of the curve) is decreased. Note, however, that the duration of the RRP—that is, that portion of the curve during which increased current above threshold is required to evoke a propagated response—is similar at each paced cycle length. In our 20 patients, we found no significant difference between the durations of the RRPs at paced cycle lengths of 600, 450, or 300 msec. However, we noted a decrease in the ERPs as the current was increased. The effect of stimulation frequency on the ERP is shown in Table 9-2. However, the threshold increased as the cycle length decreased. Because the ERP at any current strength (threshold, two times threshold, 5 mA, or 10 mA) decreased as the paced cycle length decreased, an increase in threshold is best explained by encroachment on the RRP (which failed to shorten) at the shortest paced drive cycle length. This increase in threshold at the shortest drive cycle length was a consistent and significant finding (p < 0.05) ( Fig. 9-15).



TABLE 9-2. Effect of Stimulation Frequency on Effective Refractory Period



FIG. 9-14. Atrial strength-interval curves determined in the baseline state. In this patient, the curves at paced cycle lengths of 600 and 450 msec have horizontal portions at long coupling intervals. The curve determined at a paced cycle length of 300 msec lacks this horizontal portion. Note that the threshold (THR) determined at cycle length 300 msec is .3 mA higher than that determined at 600 msec, and .2 mA higher than that determined at 450 msec. ERP = effective refractory period.



FIG. 9-15. Relationship of atrial diastolic threshold to paced cycle length. The paced cycle length is displayed on the X axis and the threshold in milliamps (ma) are shown on the Y axis. The atrial threshold at a paced cycle length of 300 ms is significantly higher than the atrial threshold at paced cycle lengths of 600 and 450 msec, respectively.



Thus, I believe that the data currently available support the first potential mechanism for facilitation of repetitive responses during pacing: a decreased cycle length produces a decrease in the ERP without changing the RRP, leading to facilitation of prematue stimuli to encroach on tissue that is not fully recovered. The partially recovered tissue may be either at the site of stimulation, producing latency, or at more distant sites, producing intra-atrial conduction delays. This conduction delay would be required for intra-atrial reentry. An increase in repetitive responses in response to extrastimuli delivered at a shorter paced cycle length is not a universal phenomenon. Effects of autonomic tone, myocardial disease, and anisotropy are factors that can potentially influence the site-dependent and rate-dependent effects on the production of repetitive response. The relationship of local intra-atrial repetitive responses to spontaneous atrial fibrillation and flutter is uncertain. In my opinion, local repetitive responses may serve as additional “extrastimuli” to produce block and slow conduction at critical sites necessary to induce atrial fibrillation or flutter. Where such necessary conduction delays must occur to initiate atrial fibrillation or flutter has been under investigation (see discussion below). While some investigators ( 24,25) use repetitive responses as a surrogate marker for atrial fibrillation inducibility in goats, in humans the relationship of repetitive responses to spontaneous atrial fibrillation has not been shown. At this point in time, repetitive responses and even nonsustained atrial fibrillation induced by program stimulation in man should not be considered specific for predicting the clinical occurrence of atrial fibrillation or flutter.



ATRIAL FLUTTER Atrial flutter is one of the most unique arrhythmias because of its nearly constant rate of 250–300 beats per minute regardless of the clinical setting. Most patients with atrial flutter have some form of heart disease, with hypertension, coronary artery disease, and cardiomyopathy being most common in the patient population seen in our laboratory. We have also seen this rhythm not uncommonly in patients with chronic lung disease, atrial septal defects (pre- and postoperatively) and in nearly 5% of patients in whom sodium channel blocking agents have been administered to treat atrial fibrillation. While the definition of atrial flutter as a supraventricular rhythm with a regular rate between 250 and 300 beats per minute is generally accepted, there are many classifications of the types of flutter that have evolved as our understanding of this rhythm has improved. In the past, flutter has been defined as either the “typical” or “common” type, which is characterized by a predominantly negative, sawtooth-like atrial activation pattern in the inferior leads with positive atrial deflections in lead V 1 and negative deflections in lead V 6, and the “uncommon” or “atypical” form characterized by predominantly positive, notched deflections in the inferior leads with negative deflections in V 1 and positive deflections in V 6 (Fig. 9-16). Atrial activation mapping of these two types of flutter have demonstrated that they represent opposite activation of the same reentrant circuit whose boundaries include the tricuspid annulus, the crista terminalis, the inferior vena cava eustachian ridge and coronary sinus, and probably the fossa ovalis ( 8,19,52,53,54 and 55). Activation during counterclockwise or “typical” flutter proceeds up the septal side of the tricuspid annulus toward the crista terminalis and moves cephalo-caudad along the anterolateral wall of the right atrium to reach the lateral annulus, following which it propagates through the isthmus defined by the inferior vena cava, the coronary sinus, and the tricuspid valve. The clockwise (atypical) flutter demonstrates activation in the opposite direction with clockwise activation from the isthmus caudo-cephalad along the anterior wall, around the crista terminalis and down the septum to reach the isthmus in the clockwise fashion. Documentation of such activation sequences requires use of a multipolar catheter that can be positioned to record nearly 60% of the tricuspid annulus involved in the flutter circuit, a coronary sinus catheter, and frequently a catheter using 10–20 poles along the crista terminalis ( Fig. 9-17).



FIG. 9-16. Electrocardiographic characteristics of counterclockwise and clockwise isthmus-dependent flutter. Typical ECG patterns of isthmus-dependent flutters are shown. See text for description. (From: Olgin JE, Miles W. Ablation of atrial tachycardias. In: Singer I, Barold SS, Camm AJ, eds. Non-pharmacologic therapy of arrhythmias in the 21st century. Armonk, NY: Futura Publishing, 1998:197–217.)



FIG. 9-17. Endocardial activation during counterclockwise and clockwise flutter. Activation during counterclockwise (left) and clockwise (right) flutter are shown with surface ECG leads V1 and aVF. Electrograms are recorded around the tricuspid annulus (TA) using a 20 pole halo catheter with pole 1,2 positioned at the isthmus and from the os of the coronary sinus (CS). Activation around the TA is counterclockwise on the left and clockwise on the right. See text for details. (From: Olgin JE, Miles W. Ablation of atrial tachycardias. In: Singer I, Barold SS, Camm AJ, eds. Non-pharmacologic therapy of arrhythmias in the 21st century. Armonk, NY: Futura Publishing, 1998:197–217.)



The exact sites involved in and critical to the flutter circuit can be determined using activation mapping and programmed stimulation (see below) ( 19,52,53 and 54). It is not uncommon that both clockwise and counterclockwise flutters are seen in the same patient and often have similar rates. Of importance is the fact that the surface ECG can be misleading, particularly if only the standard leads are used ( 56). For example, as shown in Figure 9-18, the standard leads suggest typical counterclockwise flutter. Intracardiac recordings in the same patient demonstrate a change in the sequence of atrial activation in many areas, a finding more characteristic of atrial fibrillation or multiple reentrant atrial circuits. Atypical ECG patterns suggest atypical varieties of flutter or “organized” atrial fibrillation. Atrial tachycardias can arise from the left atrium, particularly from the pulmonary veins, and mimic atrial flutter. However, since their location is usually in the superior pulmonary veins, the atrial morphology will be positive in the inferior leads, but would also be positive in V 1 and V2 due to the posterior-anterior activation of the heart. Obviously, atrial mapping during the tachycardia is necessary to prove this. In a similar fashion, atypical morphologies may be seen when flutter arises at an atriotomy scar site postoperatively or around a repaired atrial septal defect. Thus appropriate interpretation of the surface ECG can suggest specific types of atrial flutter. The role of programmed stimulation and activation mapping of atrial tachyarrhythmias to define their mechanism and critical sites requisite for their perpetuation will be discussed below.



FIG. 9-18. Inadequacy of ECG in predicting endocardial activation during apparent atrial flutter. A. On top is a 12 lead ECG of what appears to be atrial flutter. B. In the bottom panel the atrial activation pattern is disorganized, consistent with atrial fibrillation. Recordings are from a 20 pole catheter placed along the anterolateral right atrium (ALRA) with the distal (D) pair at 8 o'clock in the LAO view and the proximal (P) pair at the anterior septum, the HBE, and the CS p to CSd with CSp being just inside the os. RV = right ventricle. See text for discussion. (From: Huang DT, Monahan KM, Zimetbaum PJ, et al. Hybrid pharmacologic and ablative therapy: a novel and effective approach for the management of atrial fibrillation. J Cardiovasc Electrophysiol 1998;9:462–469.)



Induction of Atrial Flutter In our experience, isthmus-dependent, counterclockwise (“typical or common”) atrial flutter can be reliably induced by programmed stimulation in the vast majority of patients with a history of that arrhythmia. Reproducible initiation of counterclockwise flutter is possible in more than 95% of patients if a protocol including introduction of up to two extrastimuli at multiple drive cycle lengths (600–300 msec), at multiple atrial sites, and rapid pacing to 180 msec is completed. Those patients with clockwise, isthmus-dependent flutter, also have a high likelihood of inducibility. Induction of both counterclockwise and clockwise flutter may exhibit site specific for induction. In our experience counterclockwise flutter is more readily inducible from the high-right atrium, (the trabeculated lateral free wall of the right atrium or in the right atrial appendage) than induction from the coronary sinus when single and double extrastimuli are used ( 6). This is in contrast to Olgin et al. ( 57) who suggested that stimulation at the posterior septal smooth right atrium is more likely to initiate counterclockwise flutter, and that stimulation at the trabeculated free wall of the right atrium, lateral to the crista terminalis, is more likely to induce clockwise flutter. The reason for the discrepancy of these results is unclear, but in both cases the site of block appears to be in the isthmus between the coronary sinus, inferior vena cava, and the tricuspid valve ( 57,58 and 59). One explanation for the discrepancies may be that Olgin et al. ( 57) did not evaluate the coronary sinus as a site of induction, and they excluded all patients in whom atrial flutter evolved after going through an early period of fractionation of electrograms in the triangle of Koch (A–V junction or os of the CS) or transient atrial fibrillation ( Fig. 9-19). The reason for this early fractionation and period of what appears to be atrial fibrillation or impure atrial flutter may be the instability prior to formation of a line of block along the tendon of Todero and/or the Eustachian ridge. Such irregularity is extremely common in our experience ( 6) and that of Waldo and colleagues ( 60,61). Rapid atrial pacing is more likely to initiate atrial flutter than the use of single HRA extrastimuli. Data from our laboratory ( 6) and from Olgin et al. ( 57) have demonstrated that double extrastimuli and rapid atrial pacing were also more effective than the use of a single extrastimuli in initiating flutter. While the overall frequency of any single extrastimulus or two extrastimuli initiating atrial flutter is low (less than 10%), the ability to initiate atrial flutter in any individual with a prior history of atrial flutter exceeds 90%. In our experience at the University of Pennsylvania atrial flutter was inducible in the laboratory by programmed stimulation using either one or two atrial extrastimuli and/or rapid atrial pacing in 90% of 80 consecutive patients studied from 1980–1986. A similar incidence of inducibility (of atrial flutter) was found in 100 consecutive patients with a prior history of that arrhythmia studied at the Beth Israel Deaconess Medical Center from 1993–1999. The inducibility rate was 95% in patients who ultimately were proven to have isthmus-dependent flutter. Of note, the more rapid atrial pacing that is performed and the closer coupled atrial extrastimuli are delivered, the more likely atrial fibrillation (usually self-terminating) is induced, although the incidence of sustained atrial fibrillation is less than 10%. The significance of induction of atrial fibrillation in these patients is uncertain. Thus, failure to induce atrial flutter is rare in patients who have a history of atrial flutter as long as a complete stimulation protocol is employed. However, because of the induction of atrial fibrillation, in some patients atrial flutter may not be inducible. The induction of atrial flutter appears to be a relatively specific response. Its induction in a patient without a prior history of atrial flutter or fibrillation is extremely rare. It is of interest that when counterclockwise and clockwise flutter are induced in the same patients, the cycle lengths are similar, although in our experience the cycle lengths of counterclockwise flutter are occasionally slightly shorter. This is consistent with the findings of Olgin et al. ( 57). This is not surprising since the anatomic circuit that counterclockwise and clockwise, isthmus-dependent flutter use is the same (see mapping of flutter below). Differences in cycle length must be related to anisotropy and/or differences in electrophysiologic properties within the circuit, which are activated at different points in time during initiation and maintenance of flutter.



FIG. 9-19. Induction of atrial flutter with a single atrial extrastimulus. From top to bottom are ECG leads 1, 2, and V1 and electrograms from the HRA, CS, His bundle (HBE), and right ventricle (RV). A single atrial premature depolarization (S 2) delivered at a coupling interval of 170 msec during a basic drive cycle length (S 1–S1) of 600 msec induces atrial flutter. Note the initial irregularity of electrograms in the HRA and CS as well as fragmentation of the HBE. This rhythm eventually stabilized to counterclockwise flutter. T = time lines.



Although Olgin et al. ( 57) have commented upon the site of block required for initiation of flutter being between the os of the coronary sinus, the inferior vena cava, and the tricuspid valve, they excluded those patients in whom fragmentation, fractionation, and oscillation of atrial electrograms in the His bundle electrogram and throughout the triangle of Koch were recorded prior to stabilization to atrial flutter (see Fig. 9-19). It is of note that such oscillations and fragmentation are rarely seen during coronary sinus stimulation, but are very frequent during high-right atrial stimulation. Such delays in fragmentation are also seen in patients who develop atrial fibrillation (see below). The absence of such fragmentation during coronary sinus stimulation is associated with the lack of induction of atrial flutter or fibrillation and suggests a role of nonuniform anisotropy in the development of unidirectional block and slow conduction associated with the development of these arrhythmias. It is of note that when rapid atrial pacing is used to initiate the arrhythmia, the efficacy of inducibility from both sites is comparable. The relative absence of fractionation in the triangle of Koch using rapid atrial pacings (particularly from the coronary sinus) suggests that there may be a different mechanism for the development of unidirectional block during rapid atrial pacing than during atrial extrastimuli. Decremental conduction that has been shown in the isthmus may be critical when rapid atrial pacing is used to initiate atrial flutter while nonuniform anisotropy may be more important during single and double extrastimuli. Further investigation of these concepts is necessary to clarify the role of nonuniform anisotropy, dispersion of refractoriness, and abnormalities of propagation in the isthmus in initiation of atrial flutter during different stimulation techniques. Regardless of mechanism, the site of block required for initiation of flutter appears to be in the isthmus ( Fig. 9-20 and Fig. 9-21).



FIG. 9-20. Initiation of counterclockwise flutter by rapid pacing from the smooth septal right atrium. A. Surface ECG leads V 1 and aVF and intracardiac recordings are shown during initiation of counterclockwise flutter. The panel is arranged as in Figure 9-17. B. Diagram of activation of electrodes. Initial paced beats show simultaneous counterclockwise and clockwise activation of the right atrium (see arrows on second beat). Progressive delay to TA 1,2 following activation of the CS occurs in a Wenckebach fashion. The eighth paced beat blocks between the CS and TA 1,2, resulting in subsequent initiation of counterclockwise flutter. See text for discussion. (From: Olgin JE, Kalman JM, Saxon LA, et al. Mechanism of initiation of atrial flutter in humans: site of unidirectional block and direction of rotation. J Am Coll Cardiol 1997;29:376–384.)



FIG. 9-21. Initiation of clockwise flutter by rapid pacing from the trabeculated free wall of the right atrium. The figure is organized as is Figure 9-20. During the first two paced beats the isthmus and CS os are activated counterclockwise and the right atrial free wall (TA 1,2-TA 19,20) is activated clockwise. On the third beat block in the isthmus occurs leading to initiation of clockwise flutter. See text for discussion. (From: Olgin JE, Kalman JM, Saxon LA, et al. Mechanism of initiation of atrial flutter in humans: site of unidirectional block and direction of rotation. J Am Coll Cardiol 1997;29:376–384.)



As stated earlier, the initiation of flutter, particularly that produced by the use of HRA extrastimuli, is often associated with fragmentation, fractionation, and oscillation of atrial electrograms in the His bundle electrogram and/or in the posterior triangle of Koch before ultimate stabilization of atrial activity is achieved. In many patients such fractionation appears required for initiation of flutter. As stated above this is primarily observed during high lateral right atrial stimulation and not during coronary sinus stimulation (see Fig. 9-7). This transient appearance of what could be considered local atrial fibrillation may in fact reflect the setting up of lines of block that form the barriers necessary to define the flutter circuit. The size of these barriers will be discussed in subsequent paragraphs. Olgin and his colleagues ( 57) excluded such patients from their study, although they also observed similar “fibrillatory” activity prior to organization to typical flutter. While the isthmus is the site of block regardless of whether or not clockwise or counterclockwise flutter is induced, the direction of rotation may be dependent on the site of stimulation. In Olgin's study ( 57) counterclockwise flutter was always induced from the smooth right atrium and clockwise flutter was always induced from the anterolateral right atrium. This is not our experience. We have found a greater difficulty in initiation of flutter by extrastimuli delivered from the coronary sinus when compared to the anterolateral right atrium, but regardless of the successful site of stimulation, the most common form of flutter initiated had a counterclockwise rotation. Moreover, Olgin ( 57) found an equal incidence of induction of clockwise and counterclockwise rotations, while in our experience counterclockwise flutter was initiated nearly three times as commonly as the clockwise flutter. We did note, however, that clockwise flutter was almost always induced from the anterolateral right atrium or right atrial appendage, which is in full accordance with Olgin et al. ( 57). The explanation for these differences is uncertain. One of the reasons for differences is their exclusion of patients with irregular atrial rhythms in transition to stable atrial flutter. An additional explanation is that Olgin et al. ( 57) stimulated from the posterior smooth atrium or os of the coronary sinus and we stimulated from deep in the coronary sinus, which in fact is the left atrium. Of interest is the fact that atrial flutter induced in transplanted hearts always has a counterclockwise rotation regardless of the site of stimulation and the absence of any role of the crista terminalis (21). This suggests that additional factors help determine inducibility and rotation. While Olgin et al. ( 57) suggested that induction of flutter was difficult, since only 5% to 10% of induction attempts were associated with induction of flutter, in fact atrial flutter was induced in 100% of patients who had flutter clinically. In addition, it can be induced reproducibly in such patients. Thus, it is misleading for electrophysiologists to think that flutter is difficult to induce. One needs to use relatively short coupled atrial extrastimuli at shorter paced cycle lengths or rapid atrial pacing to induce the rhythm. If the late coupled atrial premature complexes and the “slow” rates of rapid atrial pacing are excluded, the chance of initiating flutter is high. Certainly it is reproducible and, in my opinion, is a reasonable, albeit not perfect, end point for judging the therapeutic efficacy of pharmacologic or ablative interventions. These will be discussed in subsequent chapters. Induction of true atypical flutters (non–isthmus-dependent flutters) is more highly variable and may require sites of stimulation that are different from those used for the induction of isthmus-dependent flutter. This may be particularly true in flutters that arise in the left atrium or are associated with prior surgical interventions. Activation Mapping and Program Stimulation During Flutter Characterization of the reentrant circuit in isthmus-dependent flutter has evolved over the past decade. This has been a result of more detailed mapping of the right atrium and sometimes the left atrium during flutter, in combination with programmed stimulation. Mapping techniques leading to these advances have incorporated multipolar catheters to record the anterolateral right atrium, the crista terminalis, the septum, the triangle of Koch, the coronary sinus, the Eustachian ridge, and roving catheters for stimulation and recording at specific sites. In addition, the recent use of the Carto system (Biosense, Cordis-Webster and Johnson; see Chap. 2) has allowed acquisition of several hundred sequentially mapped sites that are then plotted as both an isochronic activation map and a propagation map. Both mapping presentations clarify the reentrant circuit used for isthmus-dependent clockwise and counterclockwise flutters ( Fig. 9-22 and Fig. 9-23). Use of this system has also been valuable in analyzing atypical flutters arising from the left atrium or prior surgical incisions ( Fig. 9-24). Noncontact mapping (Endocardial Solutions, Inc.) and the use of multipolar basket catheters also have great potential for furthering our knowledge of different atrial flutters. The most important catheters for characterizing isthmus-dependent flutters have been the use of multipolar halo catheters or deflectable catheters with up to 20 poles, which can be placed near the tricuspid annulus with the distal tip placed at approximately 7 to 8 o'clock in the LAO view. Depending on the catheter used, the proximal poles may actually record from the septum and the middle poles the anterior right atrium. The coronary sinus catheter is useful to define left atrial activation during atrial flutter. Many laboratories no longer use a catheter along the crista terminalis or a separate catheter placed along the Eustachian ridge for clinical purposes, but they were critical in defining sites of block that created barriers that determined the flutter circuit. Typical counterclockwise flutter is shown in Figure 9-25. The distal tip in this patient is placed at 8 o'clock in the LAO view and the proximal electrode is recording at noon in the anterior right atrium. The decapolar catheter records from the proximal CS (i.e., the os) to the distal CS, which is lateral. A single electrogram from the His bundle catheter is shown as well. Counterclockwise flutter characteristically shows sequential activation of the septum, the anterior wall and the anterolateral wall, the latter being activated cranio-caudally. A delay can be seen between the lateral border of the isthmus and the atrial electrogram in the HIS bundle recording. This delay is localized to the isthmus. Note that left atrial activation proceeds from proximal to distal CS. In clockwise (old atypical flutter) the activation sequence is reversed with caudo-cranial spread along the anterolateral wall going down the septum to the atrial electrogram in the His bundle recording, with a delay appearing between the His bundle atrial activity and the isthmus between the coronary sinus and the distal anterolateral electrograms (Fig. 9-26). Note that left atrial activation also proceeds from proximal to distal CS. The similar left atrial activation sequence in both counterclockwise and clockwise flutter suggests the left atrium is unnecessary for the reentrant circuit used for these arrhythmias. It also suggests that left atrial activation is not



responsible for the flutter wave morphology since left atrial activation is the same regardless of the flutter wave morphology.



FIG. 9-22. Activation of the atrium during counterclockwise flutter using the Carto system. Activation mapping of counterclockwise flutter is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. The gray zone demarcates adjacent earliest and latest sites. A full counterclockwise reentrant circuit is seen around the tricuspid annulus. (See Color Fig. 9-22.)



FIG. 9-23. Activation of the atrium during clockwise flutter using the Carto system. Activation mapping of clockwise flutter is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. The gray zone demarcates adjacent earliest and latest sites. A full clockwise reentrant circuit is seen around the tricuspid annulus. (See Color Fig. 9-23.)



FIG. 9-24. Activation of the atrium during atrial tachycardia around an atriotomy scar using the Carto system. Activation mapping of tachycardia around a prior atriotomy scar is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. A full reentrant circuit is seen around the scar with an isthmus between the edges of the scar. The gray dots are double potentials. (See Color Fig. 9-24.)



FIG. 9-25. Activation mapping of counterclockwise flutter. ECG leads 2 and V1 are shown with recordings from the HBE, anterolateral right atrium (AL) with the distal tip at 8:00 o'clock in the LAO view and proximal pair at 12:00 o'clock and CS P to CS D. Activation proceeds counterclockwise (cephalocaudad) along the AL wall with a delay between the distal AL and the HBE and CS P. Arrows show direction of activation in the right atrium and in the CS.



FIG. 9-26. Activation mapping of clockwise flutter. ECG leads 2 and V1 are shown with recordings from the HBE, anterolateral right atrium (AL) with the distal tip at 8:00 o'clock in the LAO view and proximal pair at 12:00 o'clock. CS P to CS D, and a mapping catheter in the isthmus. Activation proceeds clockwise (caudocephalad) along the AL wall with a delay between the distal HBE and recording site in the isthmus. Arrows show direction of activation in the right atrium.



Double potentials are seen not only along the crista terminalis where their activation sequence is in opposite directions, but are also seen along the Eustachian ridge. Both of these sites are anatomic structures along which lines of block are formed that may be fixed or functional. While some authors ( 8,19,52,53 and 54) believe these lines of block are fixed, pacing at variable rates has demonstrated change in conduction properties across the crista at different rates (see prior discussion) (17,20). In some patients activation may proceed across the Eustachian ridge to form a lower circuit ( 62) yielding an atypical accelerated flutter ( Fig. 9-27). Thus, while in general these barriers are constant and help force the flutter circuit to the region of the tricuspid valve, they are not fixed.



FIG. 9-27. Transient lower-loop reentry. (From: Cheng J, Scheinman MM. Characteristics of double wave reentry induced by programmed stimulation in patients with typical atrial flutter. Circ 1998; 97:1589–1596.)



Occasionally the ECG looks like typical isthmus dependent flutter, but intracardiac activation maps show parts of the atria have disorganized atrial activity (see Fig. 9-18). Such rhythms behave more like atrial fibrillation than flutter, but can occasionally be converted to true flutter by Class 1 antiarrhythmic agents or amiodarone. Less commonly a focal atrial tachycardia can mimic atrial flutter. Figure 9-28 shows an example of an atrial tachycardia from a pulmonary vein in a patient taking propafenone. Craniocaudal activation of both the septum and lateral wall is present. This finding should suggest a focal tachycardia from the left atrium, or more rarely, the high-right atrium.



FIG. 9-28. Atrial tachycardia from superior pulmonary vein mimicking clockwise flutter. ECG leads 2 and V1 are shown with recordings from the anterolateral right atrium using a HALO catheter with the distal pair of electrodes (HALOd) in the isthmus, the septum from the distal (d), mid (m), and proximal (p) HIS, and a mapping catheter (MAPd) in the left superior pulmonary vein during a drug-slowed atrial tachycardia. The surface ECG mimicked clockwise, but the intracardiac electrograms showed nearly simultaneous activation of the septum (HISd,m,p) and anterolateral right atrium (HALO 7,8,9,p), which excludes a clockwise reentrant circuit. Earliest activity was found in the left superior pulmonary vein where a split potential was seen, with the first potential recorded 75 msec prior to the P wave. See text for discussion.



Programmed stimulation has been critical in allowing us to determine those sites in the atrium that are part of the reentrant circuit and those that are not ( 18,19,52,53 and 54,63,64,65 and 66) In addition, use of resetting or entrainment mapping has allowed us to localize the critical isthmus that is now the target of ablative therapy for this arrhythmia. Toward this end we have used resetting phenomena and entrainment in order to determine which parts of the atria are definitely parts of the reentrant circuit as well as to quantify the extent of the excitable gap in the circuit. The protocol for resetting involves the use of single extrastimuli at various sites in the atrium and analyzing the return cycles. The sites that are within the circuit demonstrate resetting at very long coupling intervals with the return cycle equal to the tachycardia cycle length (Fig. 9-29). When stimulation is carried out at sites distant from the circuit, the return cycle exceeds the tachycardia cycle length; moreover, the distance from the tachycardia circuit will influence the ease of resetting. When sites are far from the circuit, extrastimuli must be delivered at shorter coupling intervals to enter the circuit and reset it. The ability to capture parts of the atrium without influencing the tachycardia cycle length also enables one to demonstrate sites that are not within the tachycardia circuit.



FIG. 9-29. Demonstration of a flat resetting curve in response to atrial extrastimuli during atrial flutter. Lead II and electrograms from the HRA, AVJ, and mid-CS are shown during typical atrial flutter. Atrial extrastimuli delivered at coupling intervals from 260 msec ( A) to 230 msec, (B) reset flutter. Over this range of coupling intervals, the return cycle measured in the HRA is constant at 280 msec. See text for discussion. (Adapted from: Almendral JM, Arenal A, Abeytus M, et al. Incidence and patterns of resetting during atrial flutter: role in identifying chamber of origin. J Am Coll Cardiol 1987;9:153A.)



Entrainment involves pacing at cycle lengths shorter than that of the tachycardia cycle length from a variety of sites within the atrium. Entrainment from sites that are in the circuit but outside a protected isthmus will demonstrate manifest entrainment, which is characterized by surface ECG fusion, progressive fusion at faster paced rates, and all sites orthodromically activated having a post-pacing interval equal to the flutter cycle length ( Fig. 9-30A). When sites outside the circuit are stimulated, not only is fusion seen, but the post-pacing interval will exceed the flutter cycle length by > 10 msec ( Fig. 9-30B). Concealed entrainment is said to occur when the paced atrial waveform on the surface QRS looks identical to the spontaneous flutter morphology. An example of concealed entrainment is shown in Figure 9-31. Since the flutter wave morphology may be difficult to assess, intracardiac recordings during overdrive pacing are analyzed to assess whether entrainment is present, and whether or not the site from which the pacing is performed is within the tachycardia circuit. Toward this end, the post-pacing interval is critical. As stated above, if



pacing is carried out within the flutter reentrant circuit then the first post-pacing interval will be identical to the tachycardia cycle length, as long as pacing is not fast enough to produce decremental conduction. When sites are outside the reentrant circuit, the first post-pacing interval will exceed the tachycardia cycle length by >10 msec. An example of entrainment from a site within the reentrant circuit (in this case, in the isthmus) is shown in Figure 9-32.



FIG. 9-30. Entrainment from sites within and outside of the flutter reentrant circuit. Panels (A) and (B) show entrainment from a roving catheter (ROVE) at a site within (panel A) and outside (panel B) of the flutter circuit. Surface ECG lead aVF and an electrogram from the CS os and the ROVE are displayed. Entrainment from sites within the circuit will have a post-pacing interval (PPI) equal to the flutter cycle length, while entrainment from sites outside the circuit will have a PPI greater than the flutter cycle length. See text for discussion. (From: Olgin JE, Miles W. Ablation of atrial tachycardias. In: Singer I, Barold SS, Camm AJ, eds. Non-pharmacologic therapy of arrhythmias in the 21st century. Armonk, NY: Futura Publishing, 1998:197–217.)



FIG. 9-31. Surface ECG of atrial flutter during concealed entrainment. A 12 lead ECG is shown during concealed entrainment of atrial flutter resulting from pacing in the isthmus. Note that the paced “flutter” waves are identical to the spontaneous flutter waves and the post-pacing interval equals the fluter cycle length.



FIG. 9-32. Intracardiac recordings during concealed entrainment. ECG leads 2 and V1 are displayed with recordings from the distal (d) and proximal (p) His bundle catheter, a 20-pole Halo catheter along the anterolateral right atrium with Halo D positioned at 8:00 o'clock and Halo P at 12:00 o'clock, a CS catheter (CS P positioned just inside the os), and a mapping catheter (MAP p) in the isthmus. Counterclockwise flutter is present at a cycle length of 260 msec. Pacing is performed from the isthmus (MAP) at 240 msec, resulting in entrainment with orthodromic capture of the HALO electrodes and antedromic activation of the HIS electrodes. The orthodromic activation is identical to spontaneous flutter, and the stimulus to HIS interval is identical to that seen in spontaneous flutter (114 msec). The return cycle at the pacing site equals the flutter cycle length. See text for discussion.



Thus by analysis of both the resetting responses of atrial extrastimuli during flutter as well as entrainment from those sites, one can confirm the diagnosis of a reentrant mechanism and determine those sites that are within the reentrant circuit. This requires (a) comparing the relative ease of resetting of flutter from different sites, (b) comparing return cycles during either resetting or entrainment, and (c) analyzing the resetting patterns to determine the characteristics of the excitable gap of atrial flutter (63,64,65 and 66). Atrial stimuli delivered at the right atrial appendage, the smooth posterior septal atrium, including the fossa ovalis, and the left atrium via the coronary sinus have all been able to manifest local capture without influencing atrial flutter, suggesting that all these sites are outside the flutter reentrant circuit ( Fig. 9-33). Since the left atrium appears unnecessary for typical atrial flutter, it is sometimes possible to capture the left atrial sites with double extrastimuli, without influencing the tachycardia circuit (Fig. 9-34). The closeness of the site of stimulation to the atrial flutter reentrant circuit will determine whether or not resetting can occur at all, and if so, with what coupling intervals. Sites farther from the circuit require extrastimuli delivered at shorter coupling intervals to perturb the circuit than those nearer the circuit. Regardless of whether flutter is clockwise or counterclockwise, stimulation from right atrial sites can reset the flutter at longer coupling intervals than sites in the left atrium, further supporting evidence that isthmus-dependent flutter is localized in the right atrium. In Figure 9-35 a comparison of stimulation from the high lateral right atrium and the coronary sinus during atrial flutter is shown. During late coupled extrastimuli from the high-right atrium, the flutter is reset with the return cycle equal to the flutter cycle length, suggesting that this site is in the tachycardia circuit. Even when the coupling interval is reduced to 220 msec, the return cycle remains fixed. As discussed below, this suggests an excitable gap of at least 45 msec. In contrast, when the coronary sinus is stimulated distally, a single extrastimulus at a coupling interval of 220 msec does not reset the tachycardia. It is only when double extrastimuli are introduced that the tachycardia is reset. Note that the return cycle exceeds that of the tachycardia cycle length by more than 100 msec, suggesting that this site is very distant from the tachycardia circuit. Using this resetting model the entire left atrium, the atrial septum from the fossa ovalis posteriorly to the superior vena cava and medial to the crista terminalis, and the right atrial appendage do not appear part of the reentrant circuit. Nevertheless, stimulation at these right atrial sites was able to reset the tachycardia at shorter coupling intervals than left atrial sites (none of which are in the reentrant circuit of typical flutter), further supporting the concept that this rhythm is localized to the right atrium. The high lateral anterior sites, low lateral anterior sites and regions around the os of the coronary sinus, and triangle of Koch were all within the reentrant circuit. Although we believed that the circuit was bordered by the tricuspid annulus on one side, we were unable to circumferentially map the annulus and attempt resetting at the time our initial studies were performed.



FIG. 9-33. Failure to influence flutter during atrial stimulation. Atrial premature (Ap) stimuli are delivered from the HRA ( A) CS (B) and fossa ovalis (FO) ( C) without influencing the flutter cycle length. The ability to depolarize large areas without affecting the flutter suggests these sites are not critical to the flutter circuit.



FIG. 9-34. Failure of two extrastimuli from the left atrium to influence classic flutter. Leads 1, 2, and V 1 are shown with electrograms from the HRA, mid-CS, HBE, and RV. Atrial flutter is present at a cycle length of 230 msec. Two atrial extrastimuli (shown by S, arrows) are delivered in the mid-CS, capturing the atrium locally but failing to influence the flutter cycle length. The atrial electrograms observed in the HBE and HRA remain unaffected and with the same activation sequence to each other as during spontaneous flutter. This suggests that the left atrium is passively activated and is not required to maintain flutter. See text for discussion. T = time line.



FIG. 9-35. Relative ease of resetting from the right atrium and coronary sinus (CS). All panels are arranged from top to bottom as ECG leads 1, 2, 3, aVR, and V 1 and intracardiac recordings from the high lateral right atrium (HLRA), high anterior right atrium (HARA), posterior right atrium (PRA), and proximal, mid-, and distal coronary sinus (pCS, mCS, dCS). In all tracings, basic atrial flutter cycle length is 260 to 290 msec. A. and B. Single atrial extrastimuli delivered from a long coupling interval of 265 msec, A. (S, arrow), to shorter coupling intervals of 220 msec, B. (S, arrow), reset atrial flutter with a flat resetting response curve having a return cycle of 285 msec. C. When stimulation is carried out from the most distal CS (not shown), the shortest atrial extrastimulus that produces capture (220 msec) fails to reset atrial flutter because the full compensatory pause is observed. D. it is only when double atrial extrastimuli are delivered with the second being short, at 195 msec, that atrial flutter is reset. The return cycle in this panel measured in the dCS is less than compensatory. See text for discussion.



More recently, entrainment mapping has been used by several groups in order to precisely define the borders of the circuit and the site of the reentrant circuit (18,19,52,53 and 54). These investigators have elegantly demonstrated that during entrainment the return cycles were identical to the tachycardia cycles (within 10 msec) all along the tricuspid annulus and down the free wall of the anterolateral right atrium (trabeculated right atrium), but that the septum and right atrial appendage as well as left atrium were not involved. Moreover, these entrainment studies demonstrated that the Eustachian ridge and the crista terminalis form posterior barriers to the circuit, which is forced through a narrow isthmus bordered by the inferior vena cava, Eustachian ridge, and coronary sinus and tricuspid valve. This has become the target site for ablative procedures (see Chap. 14). Of note, the double potentials that are noted on either side of the Eustachian ridge reflect activation in opposite directions. The smooth septum above the Eustachian ridge is not part of the reentrant circuit in the vast majority of cases. Occasionally, breakthroughs have been noted across the Eustachian ridge and lower crista terminalis by some investigators ( 62) suggesting that it is not always fixed. These breakthroughs may be associated with atypical forms of flutter; however, in most patients these areas of block seem to be functionally fixed. Whether or not the tendon of Todaro forms another anatomic related and functionally determined line of block is not yet tested. We have noted double potentials along the tendon of Todaro, which is an extension of the Eustachian ridge, but neither systematic resetting or entrainment mapping studies at this level of the triangle of Koch have been performed. Thus it appears that the tricuspid annulus forms the anterior border of isthmus-dependent flutters (either counterclockwise or clockwise), while the posterior border occurs at a variable distance from this anterior border. It is narrowest in the region of the Eustachian ridge and widest in the anterior part of the right atrium. While conduction appears to be slowest through the isthmus defined by the inferior vena cava, Eustachian ridge, and coronary sinus as impulse travels around the tricuspid annulus in either a clockwise or counterclockwise direction, we have observed a fully excitable gap during resetting studies in both these types of flutter. During resetting, a fully excitable gap is believed to be present if the return cycle is flat (i.e., there is no change in return cycle) as the coupling intervals are decremented. As the impulse encroaches on the refractory period of tissue within the circuit or on areas of poor excitability, the conduction time will increase. Thus the response to atrial extrastimuli may appear flat (no change for at least 20 msec range of coupling intervals), increasing, or mixed (initially flat followed by an increase in return cycles as the coupling intervals of extrastimuli are decreased). In almost all cases, a fully excitable gap, manifested by a flat curve of ³ 20 msec can be demonstrated (see Fig. 9-29). The range of the fully excitable gap appears between 30 and 65 msec in the absence of drugs, and in my experience, may exceed 100 msec if flutter is slowed by Class I agents. However, since the properties of atrial tissue may vary in different locations, these results may vary somewhat depending on where the stimulation is carried out. It would be of interest to repeat both resetting and entrainment studies from multiple sites around the tricuspid annulus to see how different the resetting curves would be. Preliminary data from our laboratory have shown similar curves and excitable gaps when stimulation is performed from the isthmus, os of the CS, fossa ovalis, and anterior and lateral tricuspid annulus. Thus, a relatively large fully excitable gap is present in typical isthmus dependent flutter. Whether or not single extrastimuli at critical sites can terminate atrial flutter has not been studied systematically. While stimulation from the anterolateral high-right atrium rarely terminates flutter (always proceeded by a slight increase in the resetting curve), different results might be expected if the stimulation were carried out in the isthmus. These studies should be done and are currently under way in our laboratory. While entrainment from sites outside the isthmus are almost always associated with changes in the flutter wave morphology (i.e., fusion) based on the spread of activity antedromically and orthodromically inside and outside of the circuit, stimulation from the isthmus produces concealed entrainment in which the flutter wave is



unchanged. Examples of concealed entrainment are shown in Figure 9-31 and Figure 9-32. Entrainment allows one to define the relative activation sequence and significance of split potentials ( 52,54,59,67). Using this technique one can show that the Eustachian ridge forms a barrier in most cases with propagation of the impulse recorded in the isthmus followed by another that is recorded on the opposite side of the Eustachian ridge propagating in the opposite direction ( 52,53 and 54). With pacing in the isthmus and recording from the proximal pair across the Eustachian ridge one can see antodromic and orthodromic capture of the two components of the electrogram in the Eustachian ridge. Therefore, the proposed circuit of isthmus-dependent flutter is shown in Figure 9-36 from Ogen et al.



FIG. 9-36. Schema of proposed reentrant cicuit in counterclockwise flutter. Activation proceeds around the tricuspid annulus with the crista terminalis (CT) and Eustachian ridge (ER) acting as posterior boundaries. The smooth septum posterior to the fossa ovais and above the ER are not part of the circuit. See text for discussion. (From: Olgin JE, Miles W. Ablation of atrial tachycardias. In: Singer I, Barold SS, Camm AJ, eds. Non-pharmacologic therapy of arrhythmias in the 21st century. Armonk, NY: Futura Publishing, 1998:197–217.)



When flutter arises elsewhere in the atria, similar techniques can help define the borders of that flutter circuit ( 18). The turning points around barriers are defined by approximation of split potentials, which get farther apart as the middle of a line of block is defined. The distance between that turning point and another fixed barrier defines an isthmus through which the impulse travels. An example of an atrial scar-related flutter is shown in Figure 9-24. Termination of Atrial Flutter Since both isthmus-dependent and scar-related types of atrial flutter are associated with fully excitable gaps, it is not surprising that termination of these arrhythmias by rapid atrial pacing is possible. The size of the excitable gap (which is 15% to 30% of the tachycardia cycle length) makes it possible for single atrial extrastimuli to enter the circuit and reset it. However, intra-atrial conduction delays and atrial refractoriness make it very difficult for a single atrial extrastimuli to terminate the flutter when delivered from unselected atrial sites. As noted above, systematic studies of the effects of stimulation in the isthmus during isthmus-dependent atrial flutter have not been performed. Such stimulation should have the highest likelihood of terminating flutter, since stimulation and capture could be achieved down to the refractory period of the tissue at the critical site. In fact, spontaneous termination of isthmus-dependent flutter always occurs in the isthmus in either counterclockwise or clockwise flutter. Rapid pacing from either the right atrium or coronary sinus has been used clinically to terminate flutter, although the reported success of this intervention is variable (6,68,69,70 and 71). Much of the variability of these reports, I believe, is related to the fact that arrhythmias other than isthmus-dependent flutter were included. When flutter is solely defined by the surface ECG, a variety of different arrhythmias with different mechanisms, all not reentrant, are possible. It is therefore not surprising to have a lack of uniformity of results. However, if one is dealing with isthmus-dependent flutter or scar-related flutter, termination by rapid pacing is almost always successful if stimulation is appropriately performed. Waldo and his co-workers ( 68) were the first to systematically demonstrate the reproducibility of termination of flutter by rapid atrial pacing. Successful termination of flutter is critically dependent on the rate and duration of pacing. Bursts of very rapid pacing, as is unfortunately performed in many intensive care units, frequently induces atrial fibrillation and, therefore, fails to convert atrial flutter to sinus rhythm. If one is careful, more than 95% of isthmus-dependent flutters and scar-related flutters can be terminated by rapid pacing. Termination is easier when stimulation is performed within the circuit and is also less likely to induce atrial fibrillation by producing conduction delay and block outside the circuit at these shorter paced cycle lengths. In our experience, pacing from the lateral right atrium or coronary sinus (particularly in the proximal coronary sinus) can virtually always terminate flutter if the rate and duration are controlled. The duration of pacing required for termination is critically dependent upon the cycle length. A longer duration of pacing is necessary at a slower rate, but pacing at “slower” rates is less likely to initiate atrial fibrillation. Pacing at a shorter cycle length may require a shorter duration of pacing for termination, but unless the number of extrastimuli required for termination are controlled, an excessive number of extrastimuli are delivered, which can induce atrial fibrillation. Typically cycle lengths required to convert flutter directly to sinus rhythm without intervening atrial fibrillation are 20–50 msec less than the flutter cycle length (i.e., 110% to 130% of the flutter rate). In our laboratory the mean cycle length required for termination of atrial flutter is 185 msec, although longer cycle lengths are frequently successful when flutter has been slowed by antiarrhythmic drugs. Pacing at cycle lengths 170 msec or less has a relatively high (greater than 20%) incidence of initiating at least transient atrial fibrillation. Direct termination to sinus rhythm is observed at cycle lengths shorter than those producing entrainment (i.e., continuous resetting) of atrial flutter ( 60,72). The criteria for recognizing entrainment originally proposed by Waldo et al. ( 68) suggested that during entrainment the reentrant circuit responsible for flutter is repetitively engaged by the paced impulses. Thus all electrograms orthodromically activated by the last paced stimulus occur at the paced cycle length with the first unpaced cycle at the pacing site being the flutter cycle length depending on whether or not it is in the circuit (see discussion on localizing atrial flutter). During pacing the flutter wave morphology is a fusion between the amount of atrial tissue depolarized in the orthodromic and antedromic directions within and outside the circuit. Fusion may not be easily seen on the surface ECG in flutter that has a 2:1 conduction ratio, but antedromically and orthodromically captured wavefronts are easily seen during intracardiac mapping studies (see Fig. 9-32). However, during high-right atrial pacing during counterclockwise flutter, the sudden change to an upright P wave in the inferior leads, as suggested by Waldo et al. ( 60,68,72) and Josephson et al. (66) often predict when termination will occur ( Fig. 9-37). This sudden change reflects block in the flutter circuit (almost always in the isthmus) followed by activation of the atrium and subsequent activation of the atrium from the high-right atrium alone. This results in simultaneous activation of the septum and lateral wall in a craniocaudal direction. In some instances, particularly if flutter has a large fully excitable gap, a large mass of right atrial tissue can be captured by the stimulated impulse, producing a marked change in P-wave morphology, such that the P waves appear similar to the sinus P waves, without terminating flutter. Only when block in the isthmus occurs, and the sequence of activation between the os of the coronary sinus and the A–V junction at the His bundle recording site is changed, will flutter be terminated. This is shown in Figure 9-38 in which termination only occurs in the orthodromic directions when the os to the coronary sinus and A–V junction are captured antegradely. During counterclockwise flutter the A–V junction is activated after the coronary sinus by almost an entire revolution of the flutter cycle length. This can be seen in panel B in Figure 9-38 in which, following the last pacing stimulus (last arrow), the atrial electrogram in the CS occurs at the paced cycle length following a long delay approximately equal to the time between the A–V junction electrogram and the subsequent coronary sinus electrogram during flutter or during entrainment (panels A and B). Following block in the isthmus stimulation captures the A–V junction antegradely following septal activation.



FIG. 9-37. Entrainment and termination of atrial flutter. Surface ECG 2 is shown during atrial flutter and during pacing at cycle lengths of 210 and 200 msec. A bipolar atrial (A) electrogram is also shown with a flutter cycle length (A–A) of 240 msec. The ventricular response (V–V) is 480 msec, as shown on the top. Atrial pacing (A1–A1) of 210 msec produces fusion of the flutter P wave, which is fixed as flutter is entrained. In the bottom panel, when the paced cycle length (A 1–A 1) is reduced to



200 msec, there is an abrupt change in the flutter morphology to an upright P wave. When pacing is discontinued, the flutter is terminated directly to sinus rhythm. See text for discussion.



FIG. 9-38. Atrial flutter: entrainment and termination. A. Typical flutter (slowed by the prior administration of quinidine) is shown. Activation proceeds from the CS (at the os) to the A–V junction (AVJ) and up the atrial septum (AS) in a counterclockwise fashion. B. Atrial pacing ( arrows) from the high-right atrium (not shown) at a cycle length of 260 msec alters the P-wave morphology and the relationship of the right-atrial electrograms with each other. Note the AS is activated high to low (antedromic activation), while the CS and AVJ are activated orthodromically with a long delay from the stimulus spike to the CS electrogram. When pacing is discontinued, flutter resumes immediately. The post-pacing interval at the AS exceeds the flutter cycle length, but the CS and AVJ return at the flutter cycle length. C. When the paced atrial cycle length is decreased to 240 msec, the activation pattern is further altered so that the CS now follows the electrogram in the AVJ, suggesting complete atrial capture antegradely. When pacing is then discontinued, sinus rhythm immediately resumes. See text for further discussion. (From: Watson RM, Josephson ME. Atrial flutter 1. Electrophysiologic substrates and modes of initiation and termination. Am J Cardiol 1980;45:732.)



Since atrial flutter can be terminated by pacing at multiple sites in the atrium, the ability to see a change in P-wave morphology will depend on the site of stimulation and on the P-wave morphology during native flutter. The ability to terminate flutter by rapid pacing is of great therapeutic importance. Rapid pacing is probably the treatment of choice for recurrent episodes of flutter observed (a) postoperatively, (b) in the setting of acute myocardial infarction, and (c) in the presence of digitalis intoxication manifesting A–V block and/or enhanced junctional or fascicular rhythms. With the development of implantible devices that have automatic antitachycardia atrial pacing, the terminability of atrial flutter provides the opportunity to use such a device in lieu of long-term antiarrhythmic therapy, which is expensive, variably effective, and associated with side effects ( 70,71,72 and 73). As stated above, the reasons for failure to terminate “atrial flutter” by rapid atrial pacing are (a) nonpenetration of the flutter focus; (b) apparent flutter on the surface ECG was actually flutter/fibrillation (impure flutter), a state in which parts of the atria have regular activity and others have chaotic fibrillatory activity; and (c) the mechanism of flutter was abnormal automaticity, which cannot be terminated by pacing. In our experience, the most common cause of failure to terminate apparent flutter is that the underlying rhythm was not pure reentrant flutter but flutter/fibrillation. This rhythm should actually be considered fibrillation during which parts of the atrium exhibit regular activity (see discussion below on atrial fibrillation ). We have never been able to convert this rhythm by pacing. Occasionally stimulation during atrial flutter will produce two different types of transient accelerated rhythms. One of these is the so-called double wave reentry in which atrial flutter with an extremely large excitable gap can have a second wave introduced into the flutter circuit ( 74). This rarely lasts more than a few beats but can be recognized by having simultaneous activation of the superior and inferior regions of the tricuspid annulus with all the activation being sequential ( Fig. 9-39) (74). Another transient arrhythmia discussed earlier in this chapter occurs due to a breakdown of the inferior-posterior boundaries produced by the Eustachian ridge, and lower crista terminalis. In this instance the rhythm may then revolve around the inferior vena cava, across the Eustachian ridge, and through the crista terminalis conducting slowly because of transverse activation through that structure. Alternatively, this rhythm may actually not break through the Eustachian ridge but exit at the apex of the triangle of Koch and come behind the Eustachian ridge to break through across the crista terminalis behind the inferior vena cava and then return to the isthmus.. This accelerated rhythm is usually transient and stops by itself or can either terminate atrial flutter or initiate atrial fibrillation (see Fig. 9-27) (62). Both of these latter transient rhythms are uncommon and appear much less frequently than pacing-initiated atrial fibrillation.



FIG. 9-39. Initiation of transient double wave reentry. Surface lead aVF and intracardiac recordings from the His bundle, distal and proximal coronary sinus (CS dist, CS prox), the isthmus, and from a halo catheter around the tricuspid annulus (TA) with T1 at the inferolateral right atrium and T10 at the high septum. Counterclockwise flutter is present at a cycle length (CL) of 235 msec. A critical atrial extrastimulus (AES) from the isthmus at a coupling interval of 145 msec produces acceleration of flutter due to initiation of double wave reentry. The solid lines indicate the original flutter wavefront and the dashed line the second wavefront. Note that the superior right atrium (TA 5-7) is activated simultaneously with the isthmus. Wenckebach block occurs in the isthmus resulting in restoration of a single wave counterclockwise flutter. SVC = superior vena cava. IVC = inferior vena cava. CT = crista terminalis. (From: Cheng J, Scheinman MM. Characteristics of double wave reentry induced by programmed stimulation in patients with typical atrial flutter. Circ 1998; 97:1589–1596.)



In summary, stimulation during flutter, in combination with activation mapping of flutter, has demonstrated that typical isthmus-dependent flutter is produced by a macroreentrant circuit that goes around the tricuspid annulus, which forms the anterior border, with the posterior boundaries defined by the Eustachian ridge, the crista terminalis, and the fossa ovalis. This reentrant circuit can be activated in a clockwise or counterclockwise fashion, giving rise to two distinct morphological manifestations of reentry in the same circuit. The critical portion of this circuit required for initiation and/or termination is the narrow isthmus defined by the area between the inferior vena cava, the Eustachian ridge, coronary sinus, and the tricuspid annulus. This macroreentrant flutter can be reset and entrained by stimulation and has been shown to have a large excitable gap. Effects of Pharmacologic Agents on Reentrant Atrial Flutter Alterations in the electrophysiologic properties induced by pharmacologic agents may provide useful data for assessing the mechanisms of atrial flutter and, vice versa, the mechanisms of anti-arrhythmic agents. It has been known for nearly a century that quinidine (and more recently other Class IA agents), which prolongs both atrial conduction refractoriness, can slow atrial flutter ( 75,76,77,78 and 79). The more recently developed Class IC agents (e.g., flecainide and propafenone), which have more potent sodium channel-blocking effects and less effects on refractoriness in the atrium, are even more potent slowers of atrial flutter ( 79). Of these IC agents, flecainide was the first to be approved for use in atrial arrhythmias in the United States, but propafenone is now also approved and widely used. Slowing of atrial flutter by the sodium channel-blocking agents is accompanied by a marked increase in the flutter wave duration due to intra-atrial conduction delay. As noted earlier in this chapter, sodium channel-blocking drugs can decrease the paced cycle length required to produce block transversely across the crista terminalis, thereby facilitating induction of atrial flutter ( 17). An example of atrial flutter slowed by quinidine is shown in Figure 9-40. One of the dangers of these agents is the



possibility of 1:1 conduction and, therefore, when administered, A–V nodal blocking agents should be given. The prolongation of the flutter cycle length by these agents does not correlate at all with any effect on refractoriness. The proof that these drugs act by slowing of conduction can come from noting their effect on resetting curves. In all cases in which pre- and postdrug resetting curve have been observed, slowing of the tachycardia is associated with persistence or even an increase of the flat component of the resetting curve, suggesting that a fully excitable gap is present. As such, alteration of refractoriness as the determinant for slowing of the tachycardia can be excluded. This has further been confirmed by direct mapping of both in vitro and in vivo models of atrial flutter by Wu and Hoffman (80).



FIG. 9-40. Atrial flutter: effect of quinidine. Quinidine has slowed the flutter cycle length from 220 msec to 360 msec. That occurred coincident with a change in the flutter-wave duration from 150 msec to 270 msec (vertical solid lines). The atrial effective refractory period determined at a cycle length of 400 msec was 325 after the administration of quinidine (plasma level was 4.6 g/ml). See text for further discussion.



Amiodarone, which also can prolong the flutter cycle length, appears to produce slowing by impairment of conduction and not by its well-known effect on refractoriness (81). We have noted, however, an interesting phenomenon when using amiodarone to treat patients with flutter. Although intra-atrial conduction delay both in sinus rhythm and in response to atrial extrastimuli was similar in patients who were successfully treated and in those who failed therapy with this drug, the effect on refractoriness differed. Those patients in whom amiodarone remained an effect agent for preventing recurrences of atrial flutter demonstrated a marked increase in atrial refractoriness (mean 40 msec), while in those who had recurrences, amiodarone failed to increase refractoriness by more than 10 msec. For all the antiarrhythmic agents we have studied, prolongation of refractoriness was a property necessary to prevent induction of atrial flutter, while impairment of conduction was the most important factor in determining the flutter cycle length. In addition, termination of flutter by antiarrhythmic agents usually results in block in the isthmus. Since termination is most frequently achieved by drugs that slow conduction and maintain a persistent fully excitable gap, the effect on termination must be due to altered excitability and/or coupling. The relative roles of conduction and refractoriness on initiation and or maintenance of the arrhythmia may be related to the concept that a critical wavelength is necessary for initiation of the tachycardia ( 35). In any model of reentry, the wavelength of the circulating impulse, which is defined by the product of conduction velocity and refractoriness, is critical for initiation and perhaps maintenance of reentrant excitation. In a canine model of atrial arrhythmias induction of atrial flutter required a wavelength of 8–12 cm (36). An increase in the wavelength would necessarily require a larger area of block around which the impulse must circulate to initiate reentry. Antiarrhythmic agents that alter the wavelength can prevent initiation. Thus, drugs that primarily prolong refractoriness without significantly affecting conduction (e.g., sotalol), and therefore increase wavelength, may be theoretically useful in preventing atrial fibrillation. Antiarrhythmic agents rarely increase conduction velocity so that prolongation refractoriness may be the mechanism by which wavelength is increased by these agents. As in the case of amiodarone, if refractoriness was not increased (particularly if conduction is slowed), recurrences of flutter are seen with the cycle length being prolonged by the effect of the drug on conduction velocity. Although the concept of a critical wavelength seems attractive as far as initiation is concerned, because of the need of a greater zone of unidirectional block, the application of this concept of termination of a sustained episode is not tenable. Drugs that have a pure effect on refractoriness (Class 3 agents) are relatively ineffective at terminating atrial flutter, even though they would be expected to prolong the wavelength. This is not surprising since, as discussed above, atrial flutter is associated with a fairly large excitable gap that would not be expected to be closed by the amount of prolongation of the wavelength. In addition, agents that shorten atrial refractoriness such as vagal stimulation or adenosine ( 79,81,82,83 and 84) have no effect on the cycle length of isthmus-dependent, although they can change it to atrial fibrillation. In my experience, carotid sinus pressure, another vagal maneuver, has no effect on the flutter cycle length. Thus, the response to antiarrhythmic agents is consistent with the concept that the reentrant pathway in isthmus dependent flutter is primarily anatomically determined, although the initiation of that rhythm can be altered by changes in conduction and/or refractoriness in critical parts of the circuit. Atrioventricular Conduction During Flutter Most commonly, 2:1 A–V conduction is present during atrial flutter. Variable A–V conduction (particularly alternate beat Wenkebach) and/or longer multiples (e.g., 4:1 or 6:1) are not uncommon, particularly in patients treated with digitalis, beta-blockers and/or calcium-blockers. In the vast majority of such patients the nonconducted flutter wave blocks in the A–V node. Occasionally multilevel block is present either spontaneously or after antiarrhythmic drugs, and block below the His can be observed (Fig. 9-41). This is more likely to occur in the presence of Type 1 agents, which prolong His-Purkinje refractoriness, or during Wenkebach cycles in the A–V node, which lead to long-short activation of the His-Purkinje system. This phenomenon is not uncommon during alternate beat Wenkebach cycles in which the proximal site of block may be in the A–V node. In such instances, intra- or infra-His block does not have the same implications as the development of such block during sinus rhythm. Intra- or infra-His block during atrial flutter is usually physiologic because refractoriness in the His-Purkinje system exceeds the flutter cycle length. Intra- or infra-His block is less commonly seen during atrial flutter than atrial tachycardia because the short cycle length of atrial flutter produces consistent block in the A–V node such that impulses never reach the His-Purkinje system while it is refractory. Intra- or infra-His block during flutter would be more likely to occur if enhanced A–V nodal conduction were present, allowing each flutter impulse to encroach on the refractory period of the His-Purkinje system. Occasionally, with the presence of Class I agents that slow atrial flutter to rates of 300 msec or more, block in the His-Purkinje system (the refractoriness of which is also increased by these agents) can be seen.



FIG. 9-41. Infra-His block during atrial flutter. Despite a normal H-V interval (45 msec) during sinus rhythm (the complex on the left), infra-His block is present during atrial flutter. This does not indicate impaired His-Purkinje function. See text.



ATRIAL FIBRILLATION Atrial fibrillation is the most frequent arrhythmia for which patients are hospitalized. It is associated with an increase in mortality, an increase in stroke risk (up to 30% of strokes over age 70), and impaired quality of life because of a variety of symptoms associated with it. Currently, hundreds of millions of dollars are being spent annually to treat this arrhythmia and its complications. Thus, even small steps in our ability to treat this disorder and its complications will have a major impact. Because of the great medical and financial burden imposed by this arrhythmia, intense investigation of it has been undertaken over the past decade. It is now clear



that atrial fibrillation is not just one disorder but a heterogeneous group of disorders. From a clinical standpoint the presentation of atrial fibrillation—paroxysmal self-terminating, persistent, or chronic—dictates to some degree the type of therapy that is employed. Theoretically, it would be more important to be able to target the specific mechanism of atrial fibrillation. A better understanding of the mechanism of atrial fibrillation in any individual could direct specific therapy for that specific mechanism. One of the most important discoveries in the last decade has been the observation that some cases of paroxysmal atrial fibrillation are initiated by focal discharges, most frequently found in the pulmonary veins (45,46 and 47,85). The mechanism of focal discharges appears to be due to enhanced automaticity from atrial musculature, which extends into the pulmonary veins. Such atrial musculature extends into the pulmonary veins and venous structures such as the coronary sinus, the superior and inferior vena cavae in all individuals. Catheter recordings from the pulmonary veins in patients without a history of atrial fibrillation frequently demonstrate split potentials in sinus rhythm, or if not present in sinus rhythm can be produced during atrial stimulation ( 85). I believe this is merely a reflection of poorly coupled fiber and the ability to record electrical signals from one or more of these atrial fibers and simultaneously record from the atrial musculature of the left atrium. Not all people, however, develop spontaneous atrial arrhythmias from these sites. Even when they do, this is usually only a trigger for atrial fibrillation. A substrate has to be present that facilitates the development of atrial fibrillation in response to these triggers. These atrial foci demonstrate split potentials in sinus rhythm, and during the ectopic impulse formation, the second component, which arises distal in the pulmonary vein, becomes the first component. Repetitive atrial foci can lead to an atrial tachycardia with subsequent development to atrial fibrillation. An example of such focus is shown in Figure 9-42. Such atrial foci may also lead to rhythms mimicking atrial flutter as shown previously in Figure 9-28.



FIG. 9-42. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. Two patients with atrial fibrillation (AF) initiated from atrial ectopic beats from the right inferior pulmonary vein (RIPV, top) and left superior pulmonary vein (LIPV, bottom) are shown. Note that the ectopic beats have split potentials in sinus beats that become reversed on the ectopic beats that initiate AF. Surface leads I, II, III, and V 1 are shown. U = unipolar electrogram. (From: Hassaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. N Engl J Med 1998;339:659–666.)



How one identifies patients with so-called “focal” atrial fibrillation is uncertain. One must certainly have a suspicion of a potential focal trigger of atrial fibrillation if one sees repetitive APCs or atrial tachycardia having the same P-wave morphology repeatedly initiating atrial fibrillation. The problem with identifying such atrial activity is that it is unpredictable and is therefore rarely recorded. The patient usually already is in atrial fibrillation when he presents. If demonstration of frequent ectopy or atrial tachycardia is necessary to recognize atrial fibrillation with a focal trigger, then perhaps only 2% to 3% of patients with paroxysmal atrial fibrillation fulfill criteria for this mechanism. More recently Hassaguerre and his colleagues have become more aggressive in identifying such patients. Using multiple catheters placed in the pulmonary veins, if ectopic activity is not present at baseline, they will stimulate the heart pharmacologically with epinephrine, atropine, isoproterenol, and/or adenosine (Hassaguerre, personal communication). If atrial fibrillation is present, cardioversion is performed and subsequent to cardioversion ectopic impulses from the pulmonary vein can be detected. Whether this is a sensitive method of detecting such foci or an artifact of cardioversion with catheters irritating foci because of their prior placement in the pulmonary veins requires prospective study. Nevertheless, the concept of a trigger for atrial fibrillation, which could be treated specifically, has been demonstrated. Other arrhythmias such as circuit movement tachycardia using a bypass tract or even A–V nodal tachycardia can also initiate fibrillation, and their successful treatment often results in freedom from atrial fibrillation. However, there needs to be a substrate upon which this trigger can act for fibrillation to ensue. Since the initial observation by Haft et al. in 1968 ( 29) that atrial fibrillation could be induced by closely coupled atrial extrastimuli, programmed stimulation has been used to assess the propensity for atrial fibrillation. While repetitive responses and nonsustained atrial fibrillation are frequent, the induction of sustained atrial fibrillation with a single extrastimulus usually occurs in patients with a prior history of documented atrial fibrillation, atrial flutter, or palpitations consistent with these arrhythmias. As with atrial flutter, there is a high incidence of intra-atrial conduction defects during sinus rhythm, prolonged intra-atrial conduction in response to atrial extrastimuli, and a failure of adaptation of refractory periods to varying drive cycle lengths ( 7,10,13,48). The greater the ease of induction from the high-right atrium than from the coronary sinus and the association of induction with fractionation of atrial electrograms in the posterior triangle of Koch suggest a prominent role of nonuniform anisotropy in the initiation of this arrhythmia ( 6,8,9). Whether or not other sites manifest fractionation of electrograms coincident with the initiation of atrial fibrillation is unknown since complete activation mapping of both atria at the time of initiation has not been performed. Simpson et al. ( 11) also showed abnormalities of atrial excitability in patients prone to atrial fibrillation and noted a close association of these abnormalities of atrial excitability with intra-atrial conduction defects. An example of induction of atrial fibrillation with a single extrastimulus from the high-right atrium and failure to induce it at identical coupling intervals when the basic drive is carried out from the coronary sinus is shown in Figure 9-43.



FIG. 9-43. Prevention of induction of atrial fibrillation by high-right atrial stimuli by pacing the coronary sinus. (From: Papageorgiou P, Anselme F, Kirchhof CJHJ, et al. Coronary sinus pacing prevents induction of atrial fibrillation. Circ 1997;96:1893–1898.)



While abnormalities of conduction and refractoriness are common in patients with either atrial flutter or fibrillation, Allessie and his colleagues believe that the wavelength of the stimulated impulse determines the arrhyth-mia that is induced ( 35,85). Atrial fibrillation requires a much shorter wavelength (< 8 cm) than atrial flutter (8–12 cm). The shorter the refractory period observed in the high-right atrium as compared to the coronary sinus ( 6,8,9,66) associated with similar intra-atrial conduction compared to the coronary sinus facilitate induction of atrial fibrillation from the right atrium compared to the coronary sinus. This is a relatively consistent observation during electrophysiology studies in patients with atrial fibrillation. When right atrial stimulation is associated with greater conduction delay than during stimulation from the coronary sinus, the relative ease of initiating atrial fibrillation from the right atrium is more understandable. While I believe that the reproducible initiation of sustained atrial fibrillation by single right atrial extrastimuli, particularly at coupling intervals > 200 msec, is clinically meaningful, a prospective study in patients with and without atrial fibrillation needs to be performed to validate this hypothesis. If proven correct, this might allow one to use response to programmed stimulation as a method to assess preventative therapy in these patients. The role of the autonomic nervous system in the initiation of atrial fibrillation is unclear. Although vagally mediated atrial fibrillation appears to be a distinct entity in



certain individuals, in most cases the picture is more complex. Those patients who most likely have vagally mediated atrial fibrillation include those who develop the arrhythmia when fatigued, following large meals, during sleep, or upon arising in the morning, and during episodes of upper airway obstruction. An additional subgroup of such patients are those with degluttination-induced atrial fibrillation. These arrhythmias are difficult to treat, but their recognition allows the potential to use drugs with anticholinergic properties and to avoid drugs (e.g., digitalis) or situations (e.g., eating large meals) that precipitate the arrhythmia. We have used adenosine as a stress test for patients we believe have vagally mediated atrial fibrillation. While adenosine (12 mgs) induces atrial fibrillation in a high percentage of such patients (Fig. 9-44), it can occasionally induce atrial fibrillation in patients who have never had the arrhythmia. This usually occurs in young people in whom enhanced sympathetic tone allows adenosine to demonstrate accentuated antagonism. It is of interest that there appears to be an increase in heart rate variability prior to the onset of idiopathic (lone) atrial fibrillation in 50% of patients and a decrease in heart rate variability in two-thirds of patients with organic heart disease prior to atrial fibrillation. In young, healthy athletes, the combination enhanced sympathetic activity followed by reflex vagal activity and is often responsible for atrial fibillation, particularly at the end of or just following peak activity ( 86). Thus, the influence of the autonomic nervous system on atrial fibrillation is unpredictable. Olgin et al. (5) demonstrated that heterogeneous sympathetic denervation produced by phenol in canines is associated with ease of induction of atrial fibrillation. The sympathetic nervous system seems to play an important role in postoperative atrial fibrillation, particularly in those in whom beta-blockers were stopped at the time of surgery. We have previously documented an upregulation of beta receptors in patients who developed postoperative atrial fibrillation ( 87). This finding explains in part the efficacy of beta-blockers in the management of postoperative atrial fibrillation.



FIG. 9-44. Initiation of atrial fibrillation by adenosine.



In general, however, patients with atrial fibrillation do not seem to have any abnormality of their autonomic nervous system. There is no difference in autonomic testing in patients with vagally mediated or nonvagally mediated atrial fibrillation and controls. This suggests that there is an exaggerated response to a normal autonomic nervous system in certain patients who are likely to have a persistent substrate for atrial fibrillation that is triggered by a change in autonomic tone. Mapping During Atrial Fibrillation While analysis of the response to programmed stimulation can provide information on the mechanism of initiation of atrial fibrillation, mapping during atrial fibrillation can provide insight into the mechanism of maintenance or perpetuation of the arrhythmia. The vast majority of mapping data during atrial fibrillation has come from animal models. Experimental mapping studies have demonstrated both random reentrant wavelets, which occa-sionally anchor at pectinate muscle bundles, and very rapid single and small reentrant circuits, which initiate the multiple wavelets by activating the atria at rates in excess of local refractory periods or conduction capabilities ( 44,85,88,89 and 90). Those studies also show that atrial fibrillation should be considered a three-dimensional arrhythmia. Only a limited number of mapping studies are available in humans ( 91,92,93,94 and 95). The type of mapping that is performed in humans depends on the information being sought. Detailed mapping in parts of the atria comparable to those done in experimental models can only, at this point in time, be performed intraoperatively. Other information such as fibrillatory intervals at multiple sites in the atria, complexity of signals, and the spatial-temporal organization of atrial activity can be accomplished using standard multipolar (10–20 poles) catheters. More detailed, higher-density mapping are best performed using specially designed plaque electrodes intraoperatively. The number of detailed intraoperative mapping studies in humans is small. The initial studies were performed during stimulation-induced atrial fibrillation in patients undergoing surgery for the WPW syndrome ( 91,92 and 93). More recently, we have studied patients with chronic atrial fibrillation and induced atrial fibrillation when undergoing coronary artery bypass surgery or valve replacement ( 94,95). Catheter studies have been useful for a few reasons. First, using monophasic action potentials to map atrial fibrillation, one can observe a great variation in the amplitude and duration of the signals. More importantly, a separation of “action potentials” with clear diastolic intervals has been observed in all of our patients ( Fig. 9-45) (96). This suggests the presence of fully excitable gaps during atrial fibrillation. Secondly, the organization of atrial activity during atrial fibrillation is highly variable. While broad, smooth wavefronts can be seen in the trabeculated right atrium and trabeculated left atrium, as well as in the coronary sinus, the region of the crista terminalis, the intra-atrial septum, and the region between the pulmonary veins demonstrate fragmented and chaotic activity. The more organized the atrial activity, the larger the fibrillatory waves seen on the surface ECG ( 97). These patterns of atrial activation, particularly on the trabeculated free wall of the right atrium, have counterparts observed during detailed intraoperative mapping (see below) ( 91,94). The temporal and spatial organization can be evaluated by analyzing the space constants of electrical activation along decapolar catheters. Using a signal processing technique to quantify the correlation between adjacent atrial activation sequences along decapolar catheters at multiple sites in the right atrium, Botteron and Smith ( 93) demonstrated a shortening of the space constant in chronic atrial fibrillation and larger space constants in acute atrial fibrillation. While the range of values for space constants overlap, the shorter space constants in chronic atrial fibrillation correlate with more complex atrial activation patterns observed during intra-operative mapping (see below).



FIG. 9-45. Demonstration of a fully excitable gap in atrial fibrillation using monophasic action potential recordings. (From: Kirchoff C , Josephson ME. Role of anisotropy in human arrhythmias. In: Spooner PM, Joyner RW, Jalife J, eds. Discontinuous conduction in the heart. Armonk, NY: Futura Publishing, Inc., 1997:135–157.



Intra-operative mapping has been performed using two different mapping techniques. One method provides a broad but less detailed overview of activation of both atria. This technique used by Schuessler et al. ( 89) incorporates 156 bipolar electrodes over both atria with the highest density in the region of the terminal crest of the right atrium. The left atrium is less well covered by the mapping electrodes. Schuessler et al. ( 89) studied 13 patients with stimulation-induced atrial fibrillation who were undergoing WPW surgery using this technique. They demonstrated reentrant circuits with large wavefronts in the right atrium with revolution times of approximately 200 msec. Reentrant excitation was rarely seen in the left atrium, possibly due to incomplete mapping of that chamber. Left atrial mapping appeared to show fibrillatory conduction from reentrant wavefronts in the right atrium. The second method employs a spoon-shaped mapping electrode with 240 unipolar electrodes (2.2 mm interelectrode distance) placed manually on the free wall of the



right atrium. This technique provides more detailed information, but it is limited to the right atrial free wall. Konings et al. ( 91) used this technique to study stimulation-induced atrial fibrillation in 25 patients undergoing surgical division of atrioventricular bypass tracts. These investigators characterize three patterns of atrial activation during the atrial fibrillation based on the spatial complexity of activation wavefronts recorded by the spoon electrode. A type I pattern (10 patients) was one in which the atrium underneath the mapping plaque was activated by a single uniform wavefront without conduction delay. A type II pattern (8 patients) was characterized by either a single wavefront with markedly prolonged conduction or two separate wavefronts separated by a line of block. A type III pattern (7 patients) was characterized by three or more simultaneous wavefronts and multiple lines of block, as well as regions of markedly slow conduction. This classification, which was based on the dominant pattern underneath the plaque, is limited by the fact that there was frequently a change from one pattern to another during the short period of atrial fibrillation in which mapping was performed. These investigators also noted that the fibrillation interval (the mean FF interval) in all leads was shorter during type III (136 ± 16 msec) than type II (150 ± 14 msec), than type I (174 ± 18 msec), respectively. In addition, the more complex the activation patterns, the greater the variability of fibrillation intervals and the slower the conduction velocity. More recently, using the identical mapping technique as Konings et al. ( 91) we performed high-density mapping in patients with organic heart disease undergoing open heart surgery in whom chronic atrial fibrillation was present (8 patients) and in pacing-induced atrial fibrillation (10 patients) ( 94,95). We performed a spatial and temporal quantification of arcs of conduction block, fibrillation waves, and evidence of random and complete reentry as well as characterization of AF complexity in a similar fashion as Konings et al. ( 91). In both chronic atrial fibrillation and pacing-induced atrial fibrillation (which was always nonsustained) approximately 70% of the wavefronts entered the atrium under the plaque from the edges while approximately 30% of the wavefronts were generated by epicardial breakthroughs ( Table 9-3). The number of waves per second, however, was nearly twice as great in the chronic atrial fibrillation patients (29.9 waves per second) than in the nonsustained atrial fibrillation group (14.6 waves per second) ( Table 9-3). The complexity of atrial fibrillation was highly variable in the nonsustained atrial fibrillation group with two patients each demonstrating type I and type III patterns and six patients demonstrating type II patterns ( Fig. 9-46). All patients with a chronic AF, however, manifested a type III pattern. The mean fibrillation intervals, however, in both groups were approximately the same: 176 (21 msec in the chronic atrial fibrillation group) versus 188 (47 in the nonsustained atrial fibrillation group). The variability in intervals, however, was significantly greater in the chronic AF group with type III complexities than in the nonsustained group ( Fig. 9-47 and Table 9-4). The number of arcs of blocks per second was nearly twice as great in patients with chronic AF than in those with nonsustained AF: 44.5 ± 10.8 versus 24.4 ± 10.3; p < 0.001 ( Table 9-5). This is not surprising since all chronic AF patients manifested type III complexity. However, the length of the arcs of block were not significantly different, both averaging about 11 mm. Of interest was that the orientation of lines of block was similar in both groups and was in general perpendicular to the tricuspid annulus suggesting a significant role of anisotropy in the formation of these lines of block. Of extreme interest was the fact that following conversion of chronic atrial fibrillation by cardioversion and cessation of nonsustained atrial fibrillation, the refractory periods, measured by programmed stimulation, at five sites were not different in both groups ( 95). The effective refractory periods determined at a paced cycle length of 600 msec and at the fastest rate at which 1-to-1 conduction could be maintained were not different in both groups of patients. This lack of difference in refractoriness suggested that there was no evidence of electrophysiologic remodeling in these patients with chronic atrial fibrillation. This is markedly different than the studies by Wijffels et al. ( 24,25) in their goat model or in studies in the electrophysiology laboratory in humans ( 26,27 and 28). The reason for these discrepant observations is unclear and requires further study.



TABLE 9-3. Source of atrial activation wavefronts on the right atrial free wall in patients with chronic and nonsustained atrial fibrillation. Although patients with chronic atrial fibrillation (CAF) and nonsustained AF (NSAF) have a similar pattern of entering waves (from the edge or epicardial breakthroughs), patients with CAF have twice as many waves at any moment. This reflects the increased complexity of activation in the CAF patients. See text for discussion.



TABLE 9-4. Fibrillation intervals in patients with chronic and nonsustained atrial fibrillation. While the median fibrillation intervals in patients with CAF and NSAF are similar, the range of intervals is greater in patients with CAF. N = number of patients. See text for discussion.



TABLE 9-5. Incidence and length of conduction block in patients with chronic and nonsustained atrial fibrillation. Although the lengths of lines of block are similar in CAF and NSAF, there were nearly twice as many lines of block per second in patients with CAF. See text for discussion.



FIG. 9-46. Complexity of atrial fibrillation in patients with nonsustained and sustained atrial fibrillation.



FIG. 9-47. Variability of fibrillation intervals in chronic and nonsustained atrial fibrillation.



In summary, in humans with organic heart disease undergoing open-heart surgery, right atrial activation during chronic atrial fibrillation shows a significantly higher degree of complexity than during electrically induced atrial fibrillation. During chronic atrial fibrillation the number of independent fibrillation waves and arcs of functional conduction block are twice as high as during electrically induced atrial fibrillation. However, both during chronic and electrically induced atrial fibrillation the lines of functional conduction block are similar in length and show preferential orientation perpendicular to the A–V groove. The preferential orientation of conduction block suggests tissue anisotropy plays an important role in the maintenance of chronic atrial fibrillation. Frequent epicardial breakthroughs in both chronic atrial fibrillation and paced-induced atrial fibrillation suggest that this rhythm should be considered a three-dimensional arrhythmia and suggest a role of the pectinate muscles as a source of epicardial breakthrough and a mechanism for perpetuation of atrial fibrillation. The lack of evidence of electrical remodeling of refractoriness in chronic atrial fibril-lation needs further investigation but may be related to the anatomic remodeling and remodeling of gap junctions as associated with chronic atrial fibrillation. Alternatively, this may be a reflection of the small number of patients studied and the influence of the operative environment (e.g., anesthesia, temperature, etc.). Stimulation During Atrial Fibrillation The presence of excitable gaps in atrial fibrillation allows for the possibility of capture of the atrium during atrial fibrillation. Kirchhof et al. ( 98) demonstrated capture of the atrium by rapid pacing in the canine model of atrial fibrillation. These investigators were able to show capture of a relatively large area of up to 4 cm by the stimulated wavefront. The area of capture was limited by intra-atrial conduction block and collision with incoming fibrillatory waves. Pacing too slowly would fail to capture and pacing too rapidly would produce fibrillatory activity. Thus there was a critical time interval in which the atrium could be captured. In none of their dogs was atrial fibrillation terminated. These findings were not surprising to clinicians who have not infrequently observed that regularized rhythms could appear in one atrium and fibrillation could appear in the other atrium. Thus, it is not surprising that parts of the atrium can be captured by atrial stimulation while other areas remain in fibrillation ( Fig. 9-48). We have never been able to terminate atrial fibrillation by pacing, even using multiple simultaneous sites in both atria. While it is conceivable that bursts of atrial pacing delivered immediately at the onset of atrial fibrillation could cause so much disorganization that it would be too unstable to perpetuate itself and thus terminate, once atrial fibrillation is sustained we have never seen it terminated by pacing ( 99). It is uncertain whether stimulation at five or six sites simultaneously would be able to terminate fibrillation, but this may not be practical or feasible in a clinical situation. One potential advantage of atrial stimulation is that by capturing significant areas of the atrium one could decrease the number of wavefronts active in the heart at any given time and decrease atrial defibrillation thresholds. This may be important if atrial defibrillation is considered a potential therapeutic option since the fewer number of wavefronts one has, the lower the defibrillation threshold (see Chap. 13).



FIG. 9-48. Failure of atrial pacing to terminate atrial flutter/fibrillation. Leads 1, aVF, and V 1 are shown with electrograms from the HRA, proximal and distal CS (CSp, CSd), and the RVA. Although pacing at a cycle length of 200 msec captures the HRA electrogram, it does not influence the fibrillatory activity noted in the CS. The presence of flutter/fibrillation is associated with failure of pacing to terminate the arrhythmia. See text for discussion.



Relationship Between Atrial Flutter and Fibrillation Atrial flutter and fibrillation frequently co-exist in the same patient. They may exist as a separate individual arrhythmia at different times or can exist as one arrhythmia, which then undergoes a transition to the other arrhythmia. As stated previously in this chapter, during atrial fibrillation organized wavefronts of activation can be noted. This most commonly is seen in the trabeculated free wall of the right atrium ( 97). Organization of electrical signals in the right atrial free wall produce large wavefronts that usually move in a craniocaudal direction during atrial fibrillation ( 91,94). These wavefronts are similar to those seen in counterclockwise flutter. When this occurs, fibrillatory waves demonstrate the greater amplitude than when the intracardiac recordings demonstrate less organized activity. This is best seen in ECG lead V1 which, when cranio-caudal-organized activity is seen in the right atrium, demonstrates a positive F (fibrillation) wave that correlates with reasonable accuracy to the cycle length to those intracardiac electrograms observed in the right atrial free wall ( 97). Thus, the organization of atrial fibrillation explains to some degree “coarse” and “fine” fibrillation on the surface ECG. This organized activity, which resembles that seen in counterclockwise flutter, may be produced by activation of the right atrium from the septum, which produces transverse block in the crista and forces the wavefront of excitation to move along a trabeculated right atrium in the manner in which it does in flutter. Such a hypothesis favors the septum and/or the left atrium as perpetuators of atrial fibrillation. The critical role of the septum in the conversion of atrial flutter to fibrillation is shown in Figure 9-49 (100). During flutter on the left, atrial activity is organized along the halo recordings in the anterolateral



right atrial wall and along the posterior septum at the os of the CS, the mid-septum and the septum at the site of the His bundle electrogram. Atrial fibrillation begins when the septal electrograms become disorganized. Disorganization of electrograms in the septum and left atrium, while the right atrium remains organized, is also not uncommon during fibrillation ( Fig. 9-50). The conversion from fibrillation to flutter is associated with reorganization of septal activation so that it once again moves in a counterclockwise direction (caudo-cranial) ( Fig. 9-51). In experimental models with detailed mapping, fibrillation turns to flutter when large arcs of block are formed to create a single broad wavefront ( 90). While this block always appears to involve the crista terminalis in man, whether or not it requires block in the septum and left atrial sites as well depends on how many wavelets are present during atrial fibrillation at any given moment of time. The transition from atrial fibrillation to flutter in response to a type I antiarrhythmic agent in man is not uncommon and is associated with the formation of a fixed line of block along the crista terminalis ( 17). No catheter or intraoperative mapping involving the septum and left atrium during this phenomena have been performed, thus the exact sites and extent of lines of block produced by these drugs is not clearly understood. The length of the line of block also appears critical ( 90). In the canine pericarditis model, the length of the line of block required to change atrial fibrillation to atrial flutter was 24 ± 4 mm and occurred over several beats. This phenomena, however, is of great clinical importance because atrial flutter can be simply and successfully ablated, thus forming the basis for a hybrid therapy (drugs and ablation) for some cases of atrial fibrillation (see Chap. 14) (56). Of note, termination of atrial fibrillation is frequently preceded by organization of atrial activity ( Fig. 9-52).



FIG. 9-49. Transition of atrial flutter to atrial fibrillation. (From: Emori T, Fukushima K, Saito H, et al. Atrial electrograms and activation sequences in the transition between atrial fibrillation and atrial flutter. J Cardiovascr Electrophysiol 1998;9:1173–1179.)



FIG. 9-50. Dissociation of organized activity in the right atrium and disorganized activity in the septum and left atrium during atrial fibrillation.(From: Emori T, Fukushima K, Saito H, et al. Atrial electrograms and activation sequences in the transition between atrial fibrillation and atrial flutter. J Cardiovascr Electrophysiol 1998;9:1173–1179.)



FIG. 9-51. Spontaneous conversion of atrial fibrillation to flutter. (From: Emori T, Fukushima K, Saito H, et al. Atrial electrograms and activation sequences in the transition between atrial fibrillation and atrial flutter. J Cardiovascr Electrophysiol 1998;9:1173–1179.)



FIG. 9-52. Spontaneous conversion of atrial fibrillation to sinus rhythm.



Miscellaneous Uses of Electrophysiology Studies Wide QRS complexes are common during atrial fibrillation. Although several surface ECG criteria have been established to distinguish aberrant supraventricular impulses from those of ventricular origin, none is uniformly accurate. As such, intracardiac recordings may provide the only method of diagnosing the site of origin of these abnormal wide QRS complexes. This is particularly important in patients with organic heart disease in whom the diagnosis of a nonsustained ventricular tachycardia has grave implications as far as prognosis and therapy, including ICDs. Recording His bundle electrograms during these complexes is the single most accurate way of determining their origin. An abnormal QRS associated with an H–V interval greater than or equal to that with a normal QRS morphology is diagnostic of a supraventricular impulse with aberration ( Fig. 9-53). In this particular instance, there was no long-short coupling to initiate the wide complex tachycardia, yet intracardiac recordings confirm supraventricular origin on this wide complex rhythm associated with infra-His conduction delay and the appearance of a left bundle branch block. Wide complex rhythms associated with no His bundle potentials or with retrograde His bundle potentials (H–V intervals less than that of those



associated with normal A–V conduction, or His potentials following the QRS; see Chap. 7) are considered to be ventricular in origin ( Fig. 9-54). In occasional patients therapeutic interventions may be inappropriately withheld or inappropriately administered because of the incorrect diagnosis of the wide QRS complex. This is not uncommon during digitalization for control of the ventricular response during atrial fibrillation, in which case fascicular (ventricular) rhythms, which are relatively narrow, could be mistaken for aberration and further digitalis may be given. Another situation in which wide complexes are common are when class I agents are given during atrial fibrillation to terminate that rhythm. Aberration can occur under these situations, but the wide bizarre QRS complexes resulting from the class I action may be misinterpreted as ventricular tachycardia.



FIG. 9-53. Left bundle branch block during atrial fibrillation. During atrial fibrillation, the QRS complexes on the right have become broad, with the appearance of a left bundle branch block pattern. Analysis of the His bundle electrogram reveals those complexes to be supraventricular aberrations because they are associated with an increase in the H-V interval from 55 msec (the normal complex is on the left) to 80 msec.



FIG. 9-54. Fascicular premature depolarization during atrial flutter-fibrillation. The third complex shown in the panel demonstrates a right bundle branch block pattern with left axis deviation. Analysis of the His bundle electrogram reveals this to be a fascicular premature depolarization as documented by the shortened H-V interval of 20 msec. In this instance, the His bundle deflection represents retrograde activation from the site of origin in the posterior fascicle of the left bundle branch.



Another situation for which intracardiac recordings are useful is to document a site of block during atrial fibrillation or atrial flutter with variable ventricular response. While in most cases the block is in A–V node, an occasional patient's block may be infra-His. This finding does not indicate impaired His-Purkinje function since the input to the His-Purkinje system may be quite rapid in the presence of enhanced A–V nodal conduction. The fact that class IA agents also have vagalytic properties makes aberration likely since they also impair conduction and prolong refractoriness in the His-Purkinje system.
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Preexcitation exists when, in relation to atrial events, all or some part of the ventricular muscle is activated by the atrial impulse sooner than would be expected if the impulse reached the ventricles only by way of the normal atrioventricular (A–V) conduction system ( 1). The clinical significance of the preexcitation syndromes relates primarily to the high frequency of associated arrhythmias and to the various bizarre and often misleading associated electrocardiographic patterns. Understanding the pathophysiologic basis for arrhythmias in these disorders provides much of our knowledge concerning the mechanism of reentrant arrhythmias. The preexcitation syndromes previously were classified on the basis of proposed anatomic connections described by the eponyms Kent fibers, James fibers, and Mahaim fibers. The major objection to this classification was that it was imprecise and did not allow sufficient flexibility in explaining accumulated electrophysiologic and pathologic observations. Subsequently, the European Study Group for Preexcitation devised a new classification of the preexcitation syndromes, based on their proposed anatomic connections ( 2). These connections are (a) A–V bypass tracts forming direct connections between the atria and ventricles ( 3,4,5,6 and 7), (b) nodoventricular fibers connecting the A–V node to the ventricular myocardium ( 7,8,9 and 10), (c) fasciculoventricular connections from the His-Purkinje system to the ventricular myocardium (11), and (d) A–V nodal bypass tracts, direct communications from the atrium to the His bundle ( 4,12) or from the atrium to the lower A–V node via a specialized internodal tract ( 10), or via specialized intranodal tracts with rapid conduction ( 13,14). Subsequently, connections defined pathophysiologically as atriofascicular and nodofascicular (i.e., from the atrium or A–V node to the right bundle branch or adjacent myocardium) have been described and distinguished from nodoventricular fibers (15,16,17,18,19 and 20). Pathological examination of a surgically excised specimen revealed what appeared to be an accessory A–V nodal–His-like conducting system structure ( 21,22). Physiological (to be distinguished from anatomic) A–V connections produce the classic Wolf-Parkinson-White (WPW) syndrome; nodoventricular, atriofascicular, nodofascicular, and fascicular ventricular connections (all of which were previously referred to as Mahaim fibers) produce WPW variants, and A–V nodal bypass tracts may produce the so-called Lown-Ganong-Levine syndrome. Of note is that many of the previously described Mahaim fibers have been demonstrated to exist anatomically in the absence of electrophysiologic function ( 2,7,9). Hence, anatomic descriptors will be retained but applied only when the accessory pathways demonstrate electrophysiologic function. Because these pathways appear to represent developmental abnormalities, it is not surprising that multiple types of accessory pathways may exist in any individual patient.



ATRIOVENTRICULAR BYPASS TRACTS The A–V bypass tract is the most frequently encountered type of preexcitation, and it is the only type for which a reproducible correlation has been demonstrated between electrophysiologic function and anatomic structure. Functioning A–V bypass tracts produce the typical WPW ECG pattern of a short P–R interval (£0.12 sec), a slurred upstroke of the QRS complex (delta wave), and a wide QRS complex (³0.12 sec). This typical QRS pattern results because the atrial impulse bypasses the normal delaying site (A–V node) and initiates ventricular depolarization earlier than expected. The length of the P–R interval and the degree of preexcitation (which may be variable) depend on several factors: (a) A–V nodal and His-Purkinje conduction time; (b) conduction time of the sinus impulse to the atrial insertion of the bypass tract, which in turn depends on the distance between the bypass tract and the sinus node as well as on intra-atrial conduction and refractoriness; and (c) conduction time through the bypass tract, which is a function of its structure (length and thickness), the quality of input to the bypass tract, and the spatial-geometric arrangement between the atrium and ventricles, which determines the quality of the electrical input and output of the bypass tract ( 22,23). Hence, the P–R interval occasionally exceeds 0.12 sec if intra-atrial conduction delay or prolonged conduction over the bypass tract is present. Moreover, if these delays are marked, preexcitation of the ventricles can occur after the onset of the QRS complex and fail to produce the classic delta wave or wide QRS complex, yet still activate that part of the ventricles in which the bypass tract inserts earlier than it would have been activated over the normal pathway. Delayed input into the bypass tract resulting in this apparent paradox is most likely to occur in left lateral A–V bypass tracts. Enhanced A–V nodal conduction and/or slow conduction over the bypass tract are additional mechanisms for inapparent preexcitation. An example of this phenomenon is shown in Figure 10-1. During sinus rhythm (Fig. 10-1A), the P–R interval and QRS complex are normal; no evidence of preexcitation is apparent. However, during two beats of a junctional rhythm at a cycle length of 600 msec, with the same H-V interval, the QRS complex differs significantly, with diminution of the Q wave in lead 1, the appearance of a Q wave in lead aVF, and a decrease in the amplitude of the R wave in V1. Earliest retrograde activation is seen in the coronary sinus, which is concordant with a left-sided anterograde conduction over a left-sided bypass tract (exaggerated q in lead I and r in V 1). The shorter V-A than A–V suggests that antegrade conduction over the bypass tract is rather slow. These findings suggest that during sinus rhythm part of the ventricle is activated earlier than expected but occurs simultaneously with or just after the initial activation of the ventricles over the normal pathway. The presence of preexcitation is recognized only when the QRS in sinus rhythm is compared to the QRS during SVT, which is produced by ventricular activation solely over the normal A–V conducting system. Therefore, any combination of delayed input to the bypass tract, slow conduction over the bypass tract, or fast conduction over the A–V conducting system may result in inapparent preexcitation.



FIG. 10-1. Inapparent preexcitation. Both panels are organized from top to bottom as leads 1, aVF, and V 1 and electrograms from the HRA, HBE, proximal (CSp), mid(CSm), and distal (CSd) coronary (CS) electrodes (all in first 4 cm of the CS), and time lines (T). A. Sinus rhythm with a normal A–H and H–V interval. The PR–R interval and QRS duration are normal, and there is no obvious preexcitation. B. During a junctional rhythm, antegrade activation proceeds solely over the normal A–V conducting system. Retrograde atrial activation is a fusion of sinus and retrograde conduction over a left lateral bypass tract; the second complex shows retrgrade activation solely over the left-sided bypass tract. During conduction over the normal A–V system, one sees loss of the slurring of the upstroke lead 2, the development of a small q wave in lead 2 and the dimunition of a broad Q wave in lead 1. These findings suggest that during sinus rhythm (A) preexcitation of the ventricle occurred at or just after the onset of ventricular activation over the normal conducting system, because the H–V intervals are the same but the QRS differs. See text for further discussion.



The incidence of A–V bypass tracts detected electrocardiographically has been variously reported as 0.1 to 3.1/1000, and it has been noted in people of all ages, although its incidence decreases with increasing age ( 24,25 and 26). However, there appears to be an increased familial incidence of the disorder. Recent study by Vidaillet et al. ( 27) demonstrated a 3.4% incidence of accessory pathways in first-degree relatives of patients with preexcitation, an incidence significantly higher than that of the general population (p


FIG. 10-2. Effect of atrial pacing on conduction over an A–V bypass tract. From top to bottom are ECG leads 1, 2, 3, and V1, a high-right atrial electrogram (HRA), a His bundle electrogram (HBE), and time lines (T). The atria are paced at a cycle length of 400 msec. The first two complexes show marked preexcitation with the antegrade His bundle potential (H) buried in the QRS complex. Sudden block in the bypass tract results in normalized QRS morphologies and constant A–H intervals.



Not uncommonly, intermittent conduction over a bypass tract is observed. This is to be distinguished from inapparent preexcitation that is due to prolonged intra-atrial conduction, accelerated A–V conduction, prolonged conduction over a bypass tract, or any combination of these. Four specific conditions can produce intermittent preexcitation (i.e., presence and absence of preexcitation on the same tracing): (a) phase 3 and phase 4 block in the accessory pathway ( 47,48 and 49) (Fig. 10-3); (b) A–V bypass tracts with long refractory periods and supernormal conduction ( 50,51); (c) antegrade or retrograde concealed conduction produced by APDs, ventricular premature depo-larizations (VPDs), or atrial tachyarrhythmias ( 52,53 and 54) and a long bypass tract refractory period with a gap phenomenon in response to APDs.



FIG. 10-3. Phase 4 block in the accessory pathway. Leads 1, aVF, and V1 and electrograms from the HRA, HBE, and RV are shown during normal sinus rhythm (NSR, top) and during incremental paced cycle lengths (PCL) from the HRA. During sinus rhythm and a PCL of 600, no preexcitation is present. When the cycle length is decreased to 400 msec, preexcitation occurs, which disappears once again as the PCL is further reduced to 360 msec and 2:1 A–V block with a normal QRS is evident. The absence of preexcitation at long cycle lengths, presence at middle cycle lengths, and absence again at short cycle lengths suggest that phase 4 block is responsible for the absence of preexcitation during sinus rhythm. See text for discussion. (From: Lerman BB, Josephson ME. Automaticity of the Kent bundle: confirmation by phase 3 and phase 4 block. J Am Coll Cardiol 1985;5:996.)



To recognize the phase 4 block and phase 3 block, one must demonstrate absence of preexcitation at long cycle lengths followed by evidence of preexcitation at shorter paced cycle lengths and sudden block again at even shorter paced cycle lengths ( Fig. 10-3). One must exclude rapid A–V conduction over the normal A–V conduction system during slow rhythms that would reach the ventricles before the bypass tract, thereby preventing manifest preexcitation. Subsequently, pacing at increasing rates produces prolonged A–V conduction time over the normal pathway, which allows preexcitation to be manifested. A second piece of evidence that supports the presence of phase 4 block is observation of premature complexes with a similar configuration of the preexcited complex ( Fig. 10-4) (49). These premature complexes are a direct manifestation of automaticity in the bypass tract.



FIG. 10-4. Enhanced automaticity of bypass tract. Surface leads 1, aVF, and V1 are shown with proximal (HBEp), mid- (HBEm) and distal (HBEd) HBEs. An accelerated regular wide-complex rhythm is seen during atrial fibrillation The morphology of this wide complex is similar to that of preexcited complexes shown in Fig. 10-3. This most likely represents enhanced automaticity in the bypass tract. See text for discussion.



For diagnosis of supernormal conduction, one should demonstrate preexcitation at long cycle lengths followed by block at shorter (but still relatively long) cycle lengths, and long bypass tract refractory periods. At even shorter coupling intervals or shorter paced cycle lengths, preexcitation once again appears. No change should occur in the P-to-delta intervals during both periods of preexcitation (i.e., at long and short cycle lengths). This criteria is needed to exclude “pseudo”-supernormal phenomena that are due to a gap phenomenon, as discussed in Chapter 6. If gap phenomenon was responsible for “pseudo-supernormal” conduction, the conducted beat at a shorter cycle length should have a longer P to delta due to proximal to ventricle delay in the bypass tract. Although most cases of intermittent preexcitation have not been well studied, the clinical implications are that they generally have long refractory periods and are incapable of rapid repetitive conduction down the bypass tract, hence slower ventricular response, during atrial flutter-fibrillation ( 34,55). Of note, some patients with intermittent preexcitation can have improved antegrade conduction over the bypass tract, causing persistent preexcitation, following administration of isoproterenol, which shortens the refractory period of the bypass tract (34,56). Shortening of the refractory period of the bypass tract may allow conduction to resume at cycle lengths 200 msec shorter, but these cycle lengths are still in the range of 300–400 msec, and thus, not potentially lethal. Demonstration of concealed conduction causing absence of preexcitation requires demonstration of APD that is nonconducted over the bypass tract or a VPD influencing antegrade conduction over the bypass tract on subsequent beats. This is quite common as a mechanism for runs of overt preexcitation followed by runs of absent preexcitation during atrial fibrillation. The vast majority of A–V bypass tracts conduct both anterogradely and retrogradely. Less than 5% of patients with preexcitation have bypass tracts that conduct only antegradely (57). This is much less common than the converse situation of retrogradely conducting bypass tracts in the absence of antegrade preexcitation (i.e., so-called concealed bypass tracts). In patients who manifest only antegrade conduction over their bypass tract, spontaneous circus movement tachycardia, either antidromic or orthodromic, is not usually observed. The primary rhythm disturbance they manifest is atrial fibrillation, in which case, the bypass tract is not related to the mechanism of the fibrillation but serves as a conduit of rapid conduction to the ventricles ( 57). As noted earlier, over time antegrade conduction over an atrioventricular bypass tract may disappear. Chen et al. ( 28) noted a loss of preexcitation in one-fifth of symptomatic patients with WPW. Only 7.8% lost retrograde conduction. Spontaneous loss of preexcitation has been observed in one-fifth to one-half of children with WPW (31,58). In my experience, spontaneous loss of preexcitation occurs in less than 10% of adults (i.e., >18 years old), and loss of retrograde conduction is noted in 


a means to locate a bypass tract.



FIG. 10-5. Intracardiac recordings demonstrating preexcitation. ECG leads 1, 2, 3, V1, V5 are shown with recordings from the high-right atrium (HRA), lateral right atrium (RAL), His bundle (HBE), and proximal coronary sinus (CS 5) to distal CS (CS 1). During sinus rhythm the delta wave begins (dashed line) prior to anterograde activation of the His bundle confirming the presence of preexcitation. The ventricular electrogram in CS 5 occurs just prior to the delta wave, suggesting proximity to the ventricular insertion of the bypass tract.



FIG. 10-6. Effect of atrial pacing on the degree of preexcitation. A. During sinus rhythm, a slight degree of preexcitation is present. B.–D. With atrial pacing at decreasing cycle lengths, the degree of preexcitation increases due to progressive A–V nodal delay. See text for further details.



FIG. 10-7. Effect of an (APD) on preexcitation. Following the first complex during sinus rhythm, an APD is delivered, which produces marked A–V nodal conduction delay such that the antegrade H is inscribed within the terminal part of the QRS. Total ventricular preexcitation results over the bypass tract because completion of ventricular activation occurs before arrival of the impulse propagating over the normal conducting system.



The ability to change the degree of preexcitation by increasing A–V nodal conduction time in response to atrial stimulation supports the concept that the QRS complex is a fusion complex. The ultimate expression of dual ventricular activation is demonstrated in Figure 10-8, in which two ventricular responses are shown to result from a single APD: the first is over the bypass tract, and the second is over the normal A–V conducting system after marked antegrade A–V nodal conduction delay ( 59). This phenomenon is almost always associated with dual A–V nodal pathways (see Chap. 8). This phenomenon is a potential mechanism for the development of either orthodromic or, rarely, A–V nodal reentrant tachycardia which may be associated with anterograde conduction over an innocent bystander bypass tract (see discussion of preexcited tachycardias later in this chapter). Failure to increase the degree of preexcitation by atrial pacing or atrial extrastimuli may be due to (a) an additional A–V nodal bypass tract or markedly enhanced A–V nodal conduction, which prevents A–V nodal delay; (b) pacing-induced block in the A–V bypass tract that is due to a long refractory period exceeding that of the A–V node; or (c) total preexcitation that is present in the basal state as a result of prolonged or absent A–V conduction over the normal pathway.



FIG. 10-8. APD resulting in ventricular activation via the normal and the accessory pathways. The panels are discontinuous, as indicated by the heavy black vertical lines. Control records during sinus rhythm reveal typical Wolff-Parkinson-White configuration with a delta wave (d) (left panel). Note the His bundle deflection that occurs as the delta wave is inscribed and a normal stimulus-to-His (S–H) interval of 100 msec. The ladder diagram depicts the QRS complex as a result of depolarization by both the normal and anomalous pathways. A stimulated (S) premature atrial beat is introduced at a coupling interval of 380 msec (middle panel). The resultant QRS complex demonstrates total preexcitation as the marked A–V nodal delay (S–H interval = 240 msec) delays His bundle activation until after completion of the QRS complex. The ladder diagram depicts the dissociation of conduction between both pathways in response to the atrial premature beat. The stimulated (S) atrial beat is delivered at 360 msec (right panel). The first QRS complex results from excitation solely over the anomalous pathway. A–V nodal conduction is greatly prolonged (S–H interval = 350 msec) so that the ventricle can be reexcited over the normal pathway. The second ventricular response demonstrates aberrant conduction with an H–V interval of 50 msec. An atrial echo (Ae), manifested as an inverted P wave in lead 2 ( arrow), results from retrograde conduction over the anomalous pathway, as shown in the ladder diagram. In the ladder diagrams, S = stimulus, A = atrium, H = His bundle, and V = ventricle. Anomalous pathway conduction is depicted by dotted lines, and normal A–V conduction is depicted by solid lines. (From: Josephson ME, Seides SF, Damato AN.



Wolff-Parkinson-White syndrome with 1:2 atrioventricular conduction. Am J Cardiol 1976;37:1094.)



Pharmacologic and/or physiologic maneuvers that can alter A–V nodal conduction may also be used to alter the degree of preexcitation, therefore confirming the presence of a bypass tract and the concept of a fusion complex. Isoproterenol and atropine can decrease the degree of preexcitation by shortening A–V nodal conduction. This allows more of the ventricles to be activated over the normal pathway owing to enhanced A–V conduction and consequently reducing the component of ventricular activation over the bypass tract. Carotid sinus pressure, digoxin, beta blockers, calcium blockers, or adenosine can increase the degree of preexcitation by prolonging A–V nodal conduction so that most of the ventricles are activated over the bypass tract. Carotid sinus pressure may also result in transient A–V nodal block with a His bundle escape rhythm. This escape rhythm should manifest a normal (narrow) QRS complex if preexcitation were caused by an A–V connection, but would not alter preexcitation if a bypass tract originated below the A–V node, as it would in a fasciculoventricular bypass tract ( Fig. 10-9). Similar findings would also be observed during His bundle pacing or during spontaneous His bundle extrasystoles ( Fig. 10-10). Normalization of the QRS during a His bundle rhythm, particularly in the presence of drug or in response to a physiologic maneuver (e.g., carotid sinus pressure induced A–V block), confirm the origin of the bypass tract above the site of impulse formation, that is, in the high A–V node or in the atrium, with direct connection to the ventricle. While adenosine is widely used to produce transient A–V slowing or block in order to maximize preexcitation, it may induce atrial fibrillation, which may be associated with a rapid ventricular response.



FIG. 10-9. Use of carotid sinus pressure to diagnose an A–V bypass tract. Carotid sinus pressure (CSP) produces sinus slowing with a His bundle escape complex with a normal QRS complex. Normalization of the QRS complex during a His bundle rhythm rules out a fasciculoventricular bypass tract. See text for discussion.



FIG. 10-10. Effect of a His extra-systole on preexcitation. A sinus complex with preexcitation is shown on the left. Note that the onset of the delta wave (d) begins simultaneously with activation over the His bundle. This is followed by a His extrasystole, which has a normal QRS and a normal H–V. Retrograde atrial activation occurs simultaneously with a QRS. The loss of preexcitation with a His extrasystole suggests the origin of the bypass tract above the site of impulse formation.



Mode of Initiation of Tachycardias As noted, the most common tachycardias associated with the WPW syndrome are the circus movement tachycardias, 95% of which are orthodromic; that is, they conduct antegradely down the normal A–V conducting system and retrogradely up the bypass tract. The relationship of conduction and refractoriness of the normal A–V conducting system and the bypass tract, as well as the site of stimulation, determine both the ability to initiate circus movement tachycardia and, theoretically, the type of circus movement tachycardia (34,60,61). Conduction and refractoriness of the bypass tracts in most cases behave like working muscle; therefore bypass tracts demonstrate rapid conduction, and have refractory periods that tend to shorten at decreasing paced cycle lengths. The WPW syndrome allows one to actually see all the requirements for a reentrant rhythm: (a) two anatomic or functionally determined pathways of conduction; (b) unidirectional block in one of the pathways (in this instance, either in the accessory pathway or in the A–V nodal His pathway); (c) sufficient slowing in part of the circuit to overcome refractoriness ahead of the circulating impulse; and (d) conduction time of the impulse must exceed the longest effective refractory period of any component in the circuit. Both antegrade and retrograde refractory periods of the accessory pathway are major determinants of (a) the ability to initiate and sustain circus movement SVT, and (b) the ventricular responses to atrial tachyarrhythmias (e.g., atrial fibrillation, atrial flutter, and atrial tachycardia). Orthodromic Tachycardia The most common tachyarrhythmia in patients with WPW is orthodromic circus movement SVT in which antegrade conduction proceeds down the normal A–V conducting system and retrograde conduction occurs over the bypass tract, with intervening atrial and ventricular tissue completing the reentrant circuit. This is the identical circuit observed in reentrant SVT using a concealed bypass tract (described in detail in Chap. 8). As with patients with concealed bypass tracts, patients with WPW have orthodromic tachycardia initiated most commonly in response to spontaneous or stimulated APDs. The only difference between orthodromic tachycardias in patients with concealed bypass tracts and those with overt preexcitation is that antegrade block is already present in patients with concealed bypass tracts. In patients with WPW, the APD serves a dual purpose: (a) It produces block in the accessory pathway, and (b) it conducts slowly enough down the normal A–V conducting system and ventricles to allow that bypass tract and the atrium to recover excitability. Thus, initiation of orthodromic tachycardia by APDs requires that the antegrade refractory period of the bypass tract exceed that of the A–V conducting system and that the retrograde refractory period of the bypass tract and the refractory period of the atrium recover by the time the ventricle is activated antegradely over the A–V conducting system. This sequence is schematically shown in Figure 10-11.



FIG. 10-11. Mechanism of initiation of SVT by an APD in WPW syndrome. An ECG lead 2 is shown with a schema of intracardiac events. The first complex is sinus and represents a fusion with ventricular depolarization produced by activation over the normal and the accessory pathways. In the second complex, an APD blocks in the accessory pathway, and in the third complex the atrial impulse conducts slowly to the ventricles over the normal conducting system, giving rise to a normal QRS complex. In the fourth complex the reentrant circuit is completed by retrograde conduction over the bypass tract. See text for discussion.



The coupling interval of APDs required to initiate SVT in the WPW syndrome is somewhat shorter than that required for induction of circus movement tachycardia in patients with concealed bypass tract. This is a consequence of the fact that block in the bypass tract is required for initiation of the tachycardia. Because block is already present in patients with concealed bypass tracts, APDs delivered at longer coupling intervals may be sufficient to produce the requisite delay for reentry to occur. In our experience, the antegrade effective refractory period of the bypass tract (determined at a mean paced cycle length of 600 msec) in the majority of patients presenting with orthodromic tachycardia lies between 250 and 350 msec with a mean of just over 300 msec and a range of 180 to 600 msec. These data are comparable to those of Wellens and Brugada ( 34). In patients with bypass tracts demonstrating long effective refractory periods, particularly those with intermittent preexcitation, tachycardias can be more readily induced by late coupled APDs. Once block in the bypass tract is accomplished and antegrade conduction proceeds to the ventricle over the normal A–V conducting system, it is primarily the retrograde refractory period of the bypass tract and recovery of atrial refractoriness at the atrial insertion site of the bypass tract that determines whether or not a circus movement tachycardia will be initiated. For orthodromic tachycardia to occur, the retrograde refractory period of the bypass tract must be less than the conduction time over the A–V conducting system and through the ventricles. In addition, the refractory period of the atrium at the atrial site of insertion of the bypass tract must be shorter than that of the conduction time through the normal A–V conduction system, ventricle, and bypass tract to complete the circuit. Perpetuation of the tachycardia requires that the refractory period of any part of the tachycardia circuit be shorter than that of the tachycardia cycle length. With this in mind, initiation of orthodromic SVT obviously requires some degree of A–V delay to allow recovery of the bypass tract, the atrium into which it is inserted, and the A–V node. As expected, the site of critical delay required for initiation is most commonly in the A–V node; however, the delay may also occur anywhere in the His-Purkinje system, bundle branches, or ventricular myocardium. Most often, enough delay is already present at the coupling interval at which the bypass tract blocks for initiation of the tachycardia ( Fig. 10-12). If A–V delay is not sufficient to allow the bypass tract to recover, further shortening of atrial coupling intervals is required to initiate the tachycardia ( Fig. 10-13). However, as noted, because the coupling intervals of APDs required to produce block in the bypass tract are usually short, enough A–V nodal delay is usually present so that the tachycardia is initiated at the onset of block. This is particularly true in patients who have dual A–V nodal pathways but no A–V nodal reentry. Early coupled APDs conduct over the “slow” pathway, providing more than enough A–V delay to initiate the tachycardia ( Fig. 10-14). The critical requirement of His-Purkinje delay to initiate the tachycardia is shown in Figure 10-15. The importance of bundle branch block in initiation of tachycardias has been discussed in detail in Chapter 8 and is discussed again subsequently in this chapter. Basically, block in the bundle branch ipsilateral to a free wall bypass tract provides an additional amount of intramyocardial conduction delay, which allows the bypass tract or its atrial insertion time to recovery excitability. Thus, the site of delay is unimportant; all that matters is that all tissues in advance of the circulating impulse have recovered excitability.



FIG. 10-12. Initiation of orthodromic SVT immediately on developing antegrade block on the bypass tract. Leads 1, 2, 3, V1, and V5 are shown with electrograms from the HRA, posterolateral RA (PLRA), HBE, and five bipolar CS electrograms. The electrode pairs from which the recordings are made are shown with each CS recording: 1 = the distal electrode, 6 = the most proximal electrode. During pacing at a cycle length of 600 msec, block in the bypass tract occurred at a coupling interval (S 1–S 2) of 300 msec. The modest increase in the A–H interval observed at this time is enough to provide time for the bypass tract to recover excitability and conduct retrogradely to initiate the tachycardia.



FIG. 10-13. Initiation of SVT by an APD. A. An APD (S, arrow) delivered at a coupling interval of 380 msec produces greater preexcitation as the His bundle deflection moves into the QRS complex. B. At a coupling interval of 370 msec, the APD blocks in the bypass tract as its refractory period is reached and conducts down the normal A–V conduction system with an expected amount of A–V nodal delay. C. When the APD is delivered at 355 msec, the impulse again blocks in the bypass tract; however, since it conducts antegradely with slightly more A–V nodal delay, the recovered bypass tract can be depolarized retrogradely, completing the reentrant circuit, thereby resulting in SVT. See text for discussion.



FIG. 10-14. Initiation of orthodromic tachycardia in a patient with dual A–V nodal pathways. Leads 1, aVF, and V1 are shown with electrograms from the right atrial appendage (RAA), HRA, mid- and low-right atrium (MRA, LRA), HBE, and four recordings from the CS beginning most proximally at the os (CS os). During pacing at a basic cycle length (ECL) of 550 msec, conduction to the A–V node is over the fast pathway with an A–H of approximately 100 msec. Minimal preexcitation over a left lateral bypass tract is seen. Block in the bypass tract occurred at 270 msec, but not enough anterograde delay occurred to allow the bypass tract to recover. This was



due to the intra-arterial conduction delay in addition to conduction over the fast pathway. When the coupling interval reached 220 msec, a jump to the slow pathway was observed, with marked prolongation of the A–H interval to 300 msec. This was more than enough time to allow the left-sided bypass tract time to recover and initiate SVT.



FIG. 10-15. Critical requirement of His-Purkinje delay to initiate circus movement tachycardia. A.–D. Right atrial (RA) pacing is carried out at a cycle length of 700 msec, and progressively premature atrial extrastimuli are delivered. A. Antegrade conduction proceeds over the bypass tract (note broad delta wave in V 1). B. When the atrial coupling interval is reduced to 470 msec, block in the bypass tract occurs with a normal A–H and H–V interval. No retrograde conduction over the bypass tract is noted. C. A coupling interval of 370 msec results in minimal prolongation of the A–H interval but an increase in the infra-His conduction time to 110 msec. Despite this delay, retrograde conduction over the bypass tract is still not possible. D. Despite similar coupling intervals, a slightly shorter H 1–H2 interval results, which leads to an increase in the H 2–V2 interval. Only after the H 2–V2 interval reaches a critical value of 135 msec is retrograde conduction over the bypass tract is possible and tachycardia is initiated. (From: Wellens HJJ, Brugada P. Value of programmed stimulation of the heart in patients with the Wolff-Parkinson-White syndrome. In: Josephson ME, Wellens HJJ, eds. Tachycardias: mechanisms and management. Philadelphia: Lea & Febiger, 1962:199.)



The site of stimulation may also be important, particularly if the limiting factor for initiation of the tachycardia is atrial refractoriness (i.e., atrial refractoriness prohibits the impulse from traversing the fully excitable bypass tract and activating the atrium). To obviate this limitation, one must stimulate near the atrial insertion of the bypass tract. This facilitates initiation for two reasons: (a) the closer the stimulation to the bypass tract, the easier it is to encroach on the refractory period of the bypass tract and achieve block; and (b) the earlier the atrium (or the bypass tract) is activated, the earlier it will recover, thereby facilitating reentry. Thus, one may actually require less antegrade delay if recovery of excitability is shifted earlier in time. This is shown in Figure 10-16, in which stimulation from the high-right atrium had failed to initiate a tachycardia, but stimulation from the coronary sinus initiated the tachycardia with minimal prolongation of A–V nodal conduction (A–H = 130 msec).



FIG. 10-16. Effect of site of stimulation on initiation of a tachycardia. In this patient with a left posterior bypass tract, stimulation from the HRA failed to initiate a tachycardia despite being able to block in the bypass tract. Stimulation from the CS, at the site of the bypass tract, initiated SVT despite only a modest increase in A–H interval to only 130 msec. The ability of CS stimulation to initiate the tachycardia is based on the fact that the earlier the site of the bypass tract is activated, the earlier it will recover. Therefore, at comparable coupling intervals of atrial extrastimuli, the bypass tract will always be able to recover more easily when stimulation is initiated from the site of the bypass tract (see text for discussion). RVA = right ventricular apex.



Occasionally, single atrial extrastimuli cannot induce block and/or enough delay to initiate tachycardia, and other modes of initiation are required. These include the induction of sinoatrial, intra-atrial, or A–V nodal echoes, which then either block in the bypass tract and/or produce enough conduction delay down the normal pathway to reenter the atria via the bypass tract. Similarly, rapid atrial pacing or the use of multiple extrastimuli can produce sudden block in the bypass tract and initiate SVT where single extrastimuli cannot. In some patients, drug-induced block in the bypass tract or drug-induced prolongation of the bypass tract refractory periods enables an increase in sinus rate to induce block in the bypass tract. This latter mechanism may lead to incessant SVT. Finally, atrial extrastimuli also can initiate tachycardias by a variety of 1:2 conduction phenomena (see Fig. 10-8); an atrial impulse conducts both over the bypass tract and over the normal A–V system. In Figure 10-17, stimulation at the distal coronary sinus (not shown) conducts over the bypass tract and through the A–V node, but conduction down the A–V conducting system initially cannot occur because either the His-Purkinje system or ventricles are encountered during a refractory state. When the coupling interval is reduced to 250 msec, both A–H and H–V prolongation allow conduction to proceed to the ventricles, with the subsequent development of reentry over the left-sided bypass tract. Stimulation from the coronary sinus also allowed the left atrial insertion site of the bypass tract to recover excitability earlier than if right atrial stimulation had been employed. This was an additional factor in facilitating initiation of circus movement tachycardia.



FIG. 10-17. Initiation of orthodromic tachycardia by 1:2 conduction phenomenon to the A–V node. Leads 1, aVF, and V1 and electrograms from the HRA, HBEd, and HBEp, the mid-posterior (CS6) and left lateral (CS 8) coronary sinus, and RVA. A. During a paced cycle length of 450 msec, an atrial extrastimulus delivered from the distal CS (not shown) produces delay in the A–H so that the antegrade His deflection occurs after completion of the totally preexcited QRS complex. Antegrade conduction cannot proceed to the ventricles, because they have just been depolarized and are refractory. B. At a coupling interval 10 msec earlier, the A–H is sufficiently prolonged that the ventricles are no longer refractory and the antegrade impulse can result in a second ventricular activation over the normal A–V conducting system and can initiate SVT. See text for discussion.



Initiation of orthodromic circus movement tachycardia by ventricular stimulation is possible in 80% of patients. Modes of initiation and incidence of initiation are identical to tachycardia induction by ventricular stimulation in patients with concealed bypass tracts (see Chap. 8). Several patterns of V–A conduction can be observed during ventricular pacing and ventricular extrastimuli ( 34,62,63): (a) Conduction over the accessory pathway alone (the most common pattern at short paced cycle lengths and short coupling intervals); the V–A conduction time is the same over a wide range of VPD coupling intervals and paced cycle lengths in the absence of intraventricular conduction delay or the presence of additional bypass tracts; (b) Conduction over both the accessory pathway and the A–V conducting system: this is particularly common when right ventricular pacing is performed at long drive cycle lengths or right ventricular extrastimuli are delivered at long coupling intervals in patients with left-sided bypass tracts. This occurs because it is easier to engage the right bundle branch and conduct retrogradely through the A–V node than it is to reach a distant left-sided bypass tract. The atrial activation pattern depends on the relative refractoriness and conduction times over both pathways and usually exhibits a variable degree of atrial fusion. If the retrograde refractory period and/or conduction time of any of the components of the A–V conducting system exceeds that of the bypass tract, retrograde atrial activation over the bypass tract will be favored; (c) Conduction over the A–V conducting system alone; that is, no retrograde conduction occurred over the bypass tract, resulting in a normal pattern of V–A conduction; (d) Absent V–A conduction over both the normal A–V conducting system and the bypass tract: Rapid ventricular pacing, which produces progressive decremental conduction in the A–V node and prolongation of retrograde A–V nodal refractoriness, almost always results in retrograde atrial activation over the accessory pathway or none at all. Orthodromic SVT can be initiated by ventricular stimulation only if retrograde conduction to the atrium proceeds solely over the bypass tract, and the A–V node or His-Purkinje system can recover from any retrograde concealed conduction produced by ventricular stimuli, to conduct antegradely. Because retrograde conduction over the bypass tract is all-or-none and retrograde refractory periods of the bypass tract are usually extremely short, the prime determinant for developing orthodromic SVT in response to ventricular stimulation is the extent of retrograde conduction and/or concealment in the normal pathway. Exclusive retrograde atrial activation over the bypass tract is necessary to initiate SVT, while three potential responses can occur in a normal A–V conducting system: (a) block in the His-Purkinje system; (b) block with or without concealment in the A–V node; or (c) block in the bypass tract with retrograde conduction over the normal conducting system to the His bundle resulting in a bundle branch reentrant complex (see Chap. 2) which subsequently leads to the initiation of SVT. The most common mode of initiation with ventricular extrastimuli is pattern 1, in which block in the His-Purkinje system occurs ( 63). Ventricular stimulation during sinus rhythm or at long paced cycle lengths almost invariably results in block in the His-Purkinje system with retrograde conduction over the bypass tract. Conduction to the ventricle over the A–V conducting system then will depend on antegrade conduction time over the A–V conducting system and ventricular refractoriness. Because block in the His-Purkinje system occurs in response to the ventricular extrastimulus, the atrial response will return to the ventricle over the normal A–V conducting system with a short A–H interval. In this situation the H–V must be long enough to allow for recovery of ventricular refractoriness for the ventricle to be reexcited. When prolongation of the H–V interval is required to initiate SVT, it is almost invariably associated with a QRS manifesting left bundle branch block ( Fig. 10-18, Fig. 10-19 and Fig. 10-20). While the H–V prolongation in Figure 10-18 provides enough time to allow the ventricles to recover, the shorter amount of H–V prolongation shown in Figure 10-19 and Figure 10-20 suggests that the intraventricular conduction delay produced by left bundle branch block (LBBB) aberration associated with the first echo provides the critical amount of delay, which allows for atrial reexcitation over the bypass tract to initiate the tachycardia. In Figure 10-18 perpetuation of the SVT is ensured by marked A–V nodal conduction delay associated with dual A–V nodal pathways. In Figure 10-20 perpetuation of the tachycardia probably also requires the LBBB pattern, because both the A–H and H–V intervals remain fairly short. Whenever the tachycardia is initiated by development of block in the His-Purkinje system, the first A–H of the tachycardia will be shorter than subsequent A–Hs because no concealment occurred in the A–V node during the initiating impulse.



FIG. 10-18. Initiation of orthodromic SVT by a VPD during sinus rhythm. A. Following the first two sinus complexes, which conduct over an anteroseptal bypass tract, a VPD is delivered at a coupling interval of 360 msec. This blocks in the His-Purkinje system and conducts retrogradely solely over the anteroseptal bypass tract. Antegrade conduction, however, fails because of block below the His. B. When the coupling interval is reduced to 340 msec, antegrade conduction is associated with a marked H–V prolongation, which allows the ventricle to be reexcited and to initiate SVT. The left bundle branch block pattern of the first complex does not provide additional delay for this anteroseptal bypass tract to recover. See text for discussion.



FIG. 10-19. Initiation of orthodromic SVT by a VPD during ventricular pacing. During ventricular pacing from the (RV) (not shown), at a paced cycle length of 600 msec, a ventricular extrastimulus delivered at 320 msec initiates SVT. The initiating VPD produces block in the His-Purkinje system (note loss of retrograde His deflection) and conduction retrogradely over a left lateral bypass tract. The impulse then returns antegradely over the normal A–V conducting system to initiate the tachycardia. The initiation depends on H–V prolongation, which is modest, and left bundle branch block (LBBB), both of which allow enough time for the left lateral bypass tract to recover excitability and to initiate the tachycardia. Neither H–V prolongation nor LBBB is necessary to maintain the tachycardia. See text for discussion.



FIG. 10-20. Initiation of orthodromic SVT by ventricular stimulation. During ventricular pac-ing (V 1–V1), a VPD (V2) is introduced at a coupling interval of 220 msec.



Retrograde conduction of V 2 proceeds over a left-sided bypass tract and initiates SVT. The A–H and H–V intervals of the initiating beat are short, suggesting that the LBBB provides the critical delay, allowing the left-sided bypass tract to recover excitability. Moreover, the maintenance of this tachycardia, which is associated with rather short A–H and H–V intervals, is also facilitated by the LBBB. See text for discussion.



At shorter paced cycle lengths, with or without ventricular extrastimuli, penetration into the A–V node usually occurs, producing some retrograde A–V nodal concealment. In such cases, when the impulse goes over the bypass tract to the atrium and then reexcites the ventricle over the normal A–V conducting system, A–V nodal delay will occur, and the first A–H interval of the tachycardia will be longer than subsequent A–H intervals. This uncommonly occurs with ventricular extrastimuli delivered at paced drive cycle lengths ³500 msec. During rapid ventricular pacing, one can see retrograde block in the normal conducting system either in the His-Purkinje system or the A–V node. When block occurs at the initiation of pacing, it is frequently in the His-Purkinje system, because the first or second paced complex usually acts as a long-short interval producing V–H delay and/or block. This is clearly shown in Figure 10-21. Pacing is initiated at a cycle length of 400 msec, but the first paced complex occurs 800 msec following the last sinus complex. The second paced complex is associated with a long V–H interval owing to block in the right bundle branch retrogradely with conduction over the left bundle branch system (see Chap. 2). Simultaneously, the ventricular stimulus conducts solely over a left-sided bypass tract to the atrium. Following the third paced complex, complete block in the His-Purkinje system occurs, and an antegrade His bundle deflection follows atrial activation, which resulted from conduction over the bypass tract. The fourth paced complex preempted the ability to see SVT, which would have been initiated at that time, but orthodromic SVT is clearly observed following the fourth paced complex because its rate was faster than the pacing rate.



FIG. 10-21. Initiation of orthodromic tachycardia by ventricular pacing. Following the first spontaneous complex, ventricular pacing at a cycle length of 400 msec is initiated. The dark arrows point to the His bundle deflections. During the first paced complex, A–V dissociation is present, but the His bundle is retrogradely captured by the ventricular paced complex. The second paced complex is associated with marked retrograde His-Purkinje delay and conduction up both the normal conducting system and a left lateral bypass tract. The third paced complex is associated with retrograde block in the His-Purkinje system and retrograde conduction proceeding solely over the left lateral bypass tract. Antegrade conduction over the normal conducting system can be seen by the antegrade H ( arrow). SVT would have been initiated at that time but it was preempted by the fourth paced complex. SVT is manifested before the fifth paced complex because cycle length of the tachycardia is shorter than the paced cycle length.



Initiation of orthodromic SVT by mechanism 3, that is, following bundle branch reentry, is very common, particularly at long ventricular paced cycle lengths. In this instance, retrograde block usually occurs in the bypass tract and conduction proceeds over the normal A–V conducting system to induce a bundle branch reentrant complex. The long H–V often associated with this complex plus the left bundle branch block pattern facilitate induction of SVT using a left-sided bypass tract ( Fig. 10-22). This mode of initiation can be seen in approximately one-third of patients. Multiple modes of initiation are invariably present in patients with orthodromic SVT. This depends on the paced cycle lengths used, the sites of atrial and/or ventricular stimulation, and the conduction velocity and refractoriness of the bypass tract and normal A–V conducting systems at the time of the study (34,64). Although His bundle stimulation cannot be, and has not been, systematically studied as a mode of initiation of tachycardias in patients with WPW, spontaneous initiation of orthodromic tachycardia has been observed with His bundle extrasystoles ( 37). In this instance, the His bundle extrasystole blocks retrogradely in the A–V node and conducts antegradely to the ventricles to retrogradely conduct over the bypass tract, reexcite the atrium, and return to the ventricles over the normal A–V conducting system. In this case, owing to retrograde concealment, the first A–H interval of the tachycardia will usually be slightly longer than that of subsequent complexes ( Fig. 10-23).



FIG. 10-22. Initiation of orthodromic tachycardia by bundle branch reentry. At a paced cycle length of 600 msec, a ventricular extrastimulus delivered at an S l S2 of 250 msec results in retrograde block in a left lateral bypass tract and initiation of a bundle branch reentrant complex (see Chap. 2). The long H–V and LBBB morphology associated with the bundle branch reentrant complex allow the left-sided bypass tract time to recover, allowing retrograde excitation and initiation of SVT. LLRA = low lateral right atrium.



FIG. 10-23. Initiation of orthodromic tachycardia by a spontaneous His extrasystole. Following the first two sinus impulses, which conduct over a left lateral bypass tract, a spontaneous His extrasystole initiates SVT. The His extrasystole is associated with retrograde block in the A–V node, but the normal QRS, which ensues, conducts retrogradely over the left lateral bypass tract to initiate SVT. (From: Wellens HJJ, Brugada P. Value of programmed stimulation of the heart in patients with the Wolff-Parkinson-White syndrome. In: Josephson ME, Wellens HJJ, eds. Tachycardias: mechanisms and management. Philadelphia: Lea & Febiger, 1962:199.)



Antidromic Tachycardia Antidromic tachycardia, or more precisely, preexcited circus movement tachycardia, is much less frequent, perhaps occurring spontaneously in 5% to 10% of patients. Even this small percentage may be an overestimate, because not all regular wide-complex tachycardias associated with the WPW syndrome are due to antidromic tachycardia. In fact, Benditt et al. ( 35) have shown that nearly 60% of regular wide-complex tachycardias are due to atrial flutter. Our experience is virtually identical. Moreover, many of these wide-complex tachycardias are not studied in the electrophysiology laboratory, and even when those patients with wide-complex tachycardias are evaluated, proof that the mechanism is circus movement antidromic tachycardia is not always available. Initiation of preexcited tachycardias in the laboratory is at least twice as frequent as their spontaneous occurrence. The causes of regular preexcited tachycardias are given in Table 10-1. Classically, initiation of true antidromic tachycardia by an APD requires (a) intact conduction over the bypass tract, (b) antegrade block in the A–V node or His-Purkinje system, and (c) intact retrograde conduction over the His-Purkinje system and A–V node, which assumes recovery of excitability of the A–V node for retrograde conduction following partial antegrade penetration. This latter re-quirement is a limiting factor for this “classic” mode of initiation of this arrhythmia by APDs. This limitation suggests that several mechanisms of initiation and types of preexcited tachycardias must be operative and include the following:



TABLE 10-1. Mechanisms of regular preexcited tachycardias



1. An APD that blocks in the A–V node with antegrade conduction down a bypass tract and subsequent retrograde conduction through the normal A–V conducting system can occur. We have performed A–V pacing at a cycle length of 600 msec with an A–V interval of 120 msec and introduced APDs that block in the node. When we introduced a right ventricular extrastimulus with an A–V interval of 120 msec following the APD that blocked the node, retrograde conduction to the atrium never occurred. The right ventricular extrastimulus had to be delivered at A–V intervals of ³200 msec for the A–V node to recover to allow retrograde conduction to the atrium (Fig. 10-24). Perhaps ventricular stimulation at a site farther from the His-Purkinje system would have been associated with a longer V–H interval, and retrograde conduction would have occurred. This may in fact be the case during antegrade preexcitation because ventricular excitation begins at the ventricular insertion site at the mitral or tricuspid annuli, which are farther from the conduction system than when stimulation is performed at the right ventricular apex. This may provide an additional 50 msec delay to allow the A–V node to recover for retrograde conduction, but this may not be enough time unless the A–V node has a short retrograde refractory period and/or rapid conduction. Nevertheless, because in antidromic SVT, the A–V interval remains relatively short, this first mechanism of initiation must be uncommon except with left lateral bypass tracts, which would potentially provide enough V–H delay to allow retrograde conduction. Alternatively, induction of antidromic tachycardia by APDs would be facilitated by a short retrograde A–V nodal refractory period (see subsequent discussion), a common finding in these tachycardias.



FIG. 10-24. Effect of A–V nodal refractoriness on ventriculoatrial conduction. The basic drive consists of A–V pacing (A 1V1) at a cycle length of 600 msec, with an A–V interval of 120 msec. Progressively earlier atrial extrastimuli (A 2) are delivered until A 2 blocks in the node. Following block in the A–V node, a period of refractoriness (stippled area, RP) prevents V 2 from conducting retrogradely at short coupling intervals. V 2 must be delayed so that the A2–V2 interval must exceed 200 msec for A–V nodal refractoriness to recover and for retrograde conduction to occur. This wave of refractoriness is a major limitation for the development of “classic” antidromic tachycardia by APDs. See text for discussion.



Lehmann et al. (65) looked at a selected population with rapid retrograde A–V nodal conduction and reached similar conclusions. However, although we did not observe (V–A) conduction when we delivered right ventricular extrastimuli at ³120 msec after the APD that blocked in the A–V node, early APDs that block proximally in the A–V node (near the atrial-A–V node junction) may have allowed the tissue to recover excitability and to support antidromic reentry. Alternatively, the same study performed at long drive cycle lengths could have resulted in proximal intraventricular and/or interventricular delays that allowed earlier A–V nodal recovery. As a result of long cycle lengths during sinus rhythm, an APD that blocks in the A–V node and conducts antegradely over a bypass tract will likely manifest “effective” retrograde His-Purkinje delay. The prolonged V–H intervals that usually are observed may represent intraventricular and/or interventricular conduction delay as well as delay in the ipsilateral or contralateral bundle branch used for retrograde conduction. This delay provides the A–V node time to recover. In our experience as well as that of Lehmann et al. (65) and Packer et al. (66), the delay from the atrial insertion of the bypass tract to the retrograde His deflection must be in the order of 150 msec for initiation of antidromic tachycardia. This is most likely to occur with left lateral bypass tracts, which are the sites of bypass tracts most frequently involved in true antidromic tachycardias (Fig. 10-25). It is always important to prove that the recorded His potential is retrogradely activated; this is confirmed by a fixed V–H interval during incremental atrial pacing and/or a similar V–H interval when pacing from the ventricular insertion site of the bypass tract ( Fig. 10-25B and Fig. 10-25C).



FIG. 10-25. Initiation of antidromic tachycardia. An APD blocks in the A–V node and conduction occurs over the left lateral accessory pathway (AP), initiating antidromic tachycardia The delta-to-His interval is 80 msec during antidromic tachycardia. Hr is a retrograde His potential. This is supported by the fixed relation of the



His to the V (and A) despite atrial pacing at shorter cycle lengths. See text for explanation.



Retrograde A–V nodal conduction in these patients therefore must be excellent. In fact, in patients with true antidromic tachycardia, retrograde A–V nodal conduction is remarkably good, with the majority of patients manifesting true antidromic tachycardia exhibiting 1:1 retrograde conduction over the A–V node at paced cycle lengths of 300 msec. Packer et al. (66) found that all patients with true antidromic tachycardia had 1:1 retrograde conduction over the A–V node at paced cycle lengths of 360 msec; 23/30 had 1:1 conduction at paced cycle lengths £300 msec; and 16/30 had 1:1 conduction at paced cycle lengths of 260 msec. In addition, we and they have observed that retrograde A–V nodal conduction is frequently faster than antegrade A–V nodal conduction during orthodromic tachycardia ( Table 10-2). Unlike Packer et al. ( 66), however, we have found that dual A–V nodal physiology is common in these patients and that in some cases A–V nodal reentry with innocent bystander bypass tract was the mechanism of what had been assumed to be antidromic tachycardia ( 38,67). (This will be discussed subsequently.)



TABLE 10-2. Electrophysiologic substrate of antidromic tachycardia



2. An APD that blocks in the node and conducts antegradely down the bypass tract and returns retrogradely over a different bypass tract to initiate a preexcited tachycardia (Fig. 10-26): Subsequent complexes may conduct anterogradely down or retrogradely up the normal A–V conducting system. Changing tachycardia cycle lengths may relate to whether retrograde conduction proceeds up a second bypass tract or up the A–V node (i.e., different routes of retrograde conduction).



FIG. 10-26. Initiation and termination of a preexcited tachycardia by atrial stimulation. The first two sinus complexes conduct antegradely over a right anterior paraseptal bypass tract. Atrial pacing is begun at a cycle length of 400 msec. The first paced complex blocks in the anterior paraseptal bypass tracts and conducts down a left lateral bypass tract that was not previously recognized. This initiates a preexcited tachycardia using the right anterior paraseptal bypass tract retrogradely and a left lateral bypass tract antegradely. This lasts for three complexes (note atrial activation in HRA precedes stimulus artifact) until the fourth atrial stimulus captures the right atrium early and terminates the arrhythmia. See text for discussion. DIST = distal; PROX = proximal.



3. An APD that conducts over the bypass tract and simultaneously over the slow pathway of a dual A–V nodal pathway situation: Conduction beyond the His bundle to the ventricles is not possible owing to ventricular inexcitability, yet an A–V nodal echo to the atrium can occur. This atrial echo can then go down the bypass tract antegradely, when the ventricles will have recovered excitability, and initiate a preexcited tachycardia. An example of an APD with such 1:2 conduction owing to dual pathways initiating A–V nodal reentry with an innocent bystander bypass tract is shown in Figure 10-27. A–V nodal reentry may or may not persist or be preempted by retrograde conduction up the fast A–V nodal pathway caused by premature ventricular excitation over the bypass tract. In that situation the location of His potentials would depend on whether or not they were antegrade or retrograde. One could distinguish A–V nodal reentry from classic antidromic reentry, which uses the His-Purkinje system retrogradely, by analyzing the H–A intervals during documented V–A conduction over the normal pathway during ventricular pacing and that during initiation and maintenance of the tachycardia. One must recognize, however, that if ventricular pacing is initiated during sinus rhythm, the H–A interval may not be due to retrograde conduction over the node but may be due to retrograde conduction exclusively over the bypass tract or fusion over the normal system and the bypass tract. Therefore I prefer to analyze the H–A interval during entrainment of the tachycardia to eliminate the possibility of a fusion of atrial activation. As noted in Chapter 8, the H–A interval during A–V nodal echoes or A–V nodal reentry would be shorter than that resulting from retrograde V–A conduction over the normal conduction system in response to ventricular pacing ( Fig. 10-28). In our experience, H–A intervals of 0 msec, while in other preexcited tachycardias, it is always 


FIG. 10-27. A–V nodal tachycardia with an innocent bystander bypass tract initiated with 1:2 atrial to ventricular conduction. A. An APD delivered at a coupling interval of 270 msec conducts along both the A–V node and a right paraseptal bypass tract. The His is seen just within the preexcited QRS (H–H = 155 msec). B. A more premature atrial depolarization at 260 msec produces block in the fast A–V nodal pathway with anterograde conduction over the slow A–V nodal pathway (with an A–H of 220 msec), initiating A–V nodal reentrant tachycardia (AVNRT). This APD also conducts anterogradely along the bypass tract (i.e., 1:2 conduction). Following initiating of AVNRT, there is subsequent bystander activation of the accessory pathway during the tachycardia. CL = cycle length. LAA = left atrial appendage.



FIG. 10-28. H–A intervals during right ventricular pacing and during preexcited tachycardia. A. During AVNRT with bystander bypass tract, the His and the atria will be activated simultaneously (HA = x), while during right ventricular pacing, the His and the atria will be activated in sequence (HA > x). B. During antidromic reciprocating tachycardia (ART), the His and the atria are activated in sequence (HA = y), the same as, or in some instances less than, during right ventricular pacing (HA = y). See text for full discussion. * = stimulation.



FIG. 10-29. The difference between H–A intervals during right ventricular pacing and preexcited tachycardias. Circles = A–V nodal reentry with innocent bystander bypass tract. Diamonds = antidromic tachycardia (n = 4) or preexcited tachycardia using multiple bypass tracts. See text for discussion. PRT = preexcited reciprocating tachycardia.



TABLE 10-3. Characteristics of A–V nodal reentry with an innocent bystander atrioventricular bypass tract



Furthermore, in my experience, when atrial stimulation induces preexcited tachycardias, multiple bypass tracts are often operative. Whether or not they are operative throughout the tachycardia (i.e., integral components of the reentrant circuit) depends on (a) the relative retrograde activation times over additional bypass tracts and the normal A–V conducting system and (b) the varying degrees of antegrade and/or retrograde concealment into the additional bypass tracts and/or the normal A–V conduction system during the tachycardia. APDs with 1:2 conduction with A–V nodal echoes provide an initiating mechanism of preexcited tachycardias that has heretofore been unrecognized. Initiation of A–V nodal reentry with innocent bystander preexcited tachycardias by ventricular premature complexes (VPCs) is also relatively frequent ( Fig. 10-30). The ability to induce A–V nodal reentry by VPDs in these patients is higher than in the general population of patients with A–V nodal reentry (see Chap. 8). In addition, in the presence of a bypass tract, if A–V nodal reentry is induced with block below the His, a preexcited tachycardia can ensue ( Fig. 10-30). The actual frequency of apparent antidromic tachycardia that is due to A–V nodal reentry with passive conduction over a bypass tract is unknown. Proof of A–V nodal reentry as the mechanism of preexcited tachycardias may be difficult. The most clear-cut proof would be demonstration of A–V nodal reentry following spontaneous or drug-induced block in the bypass tract at the same cycle length, with the same H–A interval, and the same retrograde activation sequence as during the preexcited tachycardia. Other criteria supporting A–V nodal reentry are the induction of A–V nodal reentry by atrial or ventricular extrastimuli with subsequent conduction over the bypass tract owing to His-Purkinje delay or block, with no change in the atrial activation sequence or H–A. A more detailed description of A–V nodal reentry with innocent bystander bypass tract is given later in this section.



FIG. 10-30. A–V nodal tachycardia with a bystander bypass tract. A. and B. Retrograde conduction occurs over the His-Purkinje system A–V node during right ventricular pacing at 400 msec. A VPD blocks in the slow pathway, initiating AVNRT. A. and B. The initial beat is narrow because (l) the retrograde A over the fast pathway finds the AP still refractory owing to retrograde concealment of the VPD, and (2) there is a simultaneous A and V in the first echo. A. The second A–V nodal echo blocks below the His, but enough time has elapsed to allow the AP to recover and conduct anterogradely as a bystander. B. The second beat of the tachycardia blocks below the His and therefore does not conceal retrogradely into the AP. However, because the H–H is short, the AP does not recover, and no conduction can occur over the AP. The third A–V nodal echo does not conduct, owing to simultaneous A and V activation The next H–H is longer but still is associated with block below the His. The longer H–H, and hence longer A–A, allows the next beat of the AVNRT to conduction anterogradely over the AP. Surface leads 1, 2, 3, V 1, V5.



Although APDs producing antegrade block in the node, antegrade conduction over the bypass tract, and retrograde conduction over the normal His-Purkinje system with long V–H intervals can initiate antidromic tachycardia ( 36), this has been surprisingly uncommon as the mechanism of preexcited circus movement tachycardias. Perhaps only 40% of our patients in whom atrial stimulation has induced a preexcited tachycardia have had true antidromic tachycardias. The remainder have had either preexcited tachycardias using multiple bypass tracts or A–V nodal reentry with an innocent bystander bypass tract. An example of an APD initiating a preexcited tachycardia using multiple bypass tracts is shown in Figure 10-26. In this patient, an anterior paraseptal bypass tract is present during sinus rhythm. Atrial stimulation from the high-right atrium is initiated at a paced cycle length of 400 msec. The first atrial extrastimulus blocks in the right anterior paraseptal bypass tract and conducts over a left lateral bypass tract. Before the next stimulus, retrograde conduction is manifest over the previously blocked right anterior bypass tract. The presence of His potentials during this tachycardia probably represents simultaneous antegrade conduction over the normal A–V conducting system as conduction proceeds over the left lateral bypass tract. This is supported by the fact that the fourth atrial extrastimulus terminates the tachycardia by retrograde block in the right anterior bypass tract owing to the premature capture of the ventricles and simultaneous conduction down the A–V node with a greater A–H interval. In our experience, “classic” antidromic tachycardias using a single A–V bypass tract can also be initiated by ventricular stimulation. In this instance, retrograde block in the bypass tract must occur and retrograde conduction proceeds only over the normal A–V conduction system. This is manifested by a prolonged V–H–A activation sequence, which subsequently initiates the tachycardia with antegrade conduction down the bypass tract and repetitive retrograde conduction up the normal pathway (Fig. 10-31). The V–A and, more specifically, H–A times in “classic” antidromic tachycardia are longer than in typical A–V nodal reentry with an innocent bystander bypass tract. As noted earlier, we have never observed H–A intervals £70 msec in true antidromic tachycardia, whereas one sees such H–A intervals in the majority of A–V nodal tachycardias. The value of the difference in H–A intervals during ventricular pacing and the tachycardia has been discussed earlier (see Fig. 10-28 and Fig. 10-29).



FIG. 10-31. Initiation of “classic”antidromic tachycardia with ventricular stimulation. During RVA pacing at a cycle length of 500 msec, two ventricular extrastimuli (S2,S3) conduct retrogradely up the normal pathway with increasing degrees of V–H–A delay. The V–H and H–A delays following S 3 are enough to allow the atrial impulse to return to the ventricle over a left posterior bypass tract and to initiate antidromic tachycardia. See text for discussion.



Atrioventricular nodal reentry with innocent bystander bypass tract is a more frequent cause of preexcited reentrant tachycardia than previously recognized. Features are listed in Table 10-3. We have documented A–V nodal reentry as the mechanism of 9 of 28 cases of preexcited tachycardias we studied over the last 20 years. The diagnosis of A–V nodal reentry as the mechanism of the tachycardia primarily depended on the persistence of typical A–V nodal reentry with and without activation over a bypass tract. In three cases, this was due to block in the bypass tract by antiarrhythmic agents with persistence of a tachycardia with an identical H–A interval and atrial activation sequence, all of which were compatible with A–V nodal reentry ( Fig. 10-32). In other instances, typical A–V nodal reentry, induced by APDs or VPDs, subsequently developed into a preexcited tachycardia with the appearance of delay and/or block below the His bundle with persistence of the preexcited tachycardia having an identical H–A interval and atrial activation sequence ( Fig. 10-30). In addition, the initiation of A–V nodal reentry and subsequent preexcited tachycardia with 1:2 conduction in response to an atrial premature beat, as demonstrated in Figure 10-27, provides supportive evidence of bystander bypass tract. Other indirect evidence supporting A–V nodal reentry follows: (a) the demonstration that the H–A interval during ventricular pacing, either in sinus rhythm or, preferably, during entrainment of the preexcited tachycardia, exceeds the H–A interval during the tachycardia ( Fig. 10-33) and (b) initiation of preexcited tachycardia by ventricular extrastimuli with a longer H–A interval than during the preexcited tachycardia despite the longer H–H interval before initiation of the tachycardia (Fig. 10-34).



FIG. 10-32. Preexcited tachycardia that is due to A–V nodal reentry. A. The preexcited tachycardia with antegrade conduction over a left lateral bypass tract. B. Following block in the bypass tract produced by procainamide, A–V nodal reentry continues with a narrow QRS complex. Note the identical H–A interval and retrograde activation sequence in the narrow and preexcited tachycardia. See text for discussion.



FIG. 10-33. Use of ventricular pacing during preexcited tachycardia to recognize A–V nodal reentry. Surface leads 1, 2, and V 1 are displayed with multiple intracardiac recordings. (See Fig. 10-32.) During ventricular pacing (first five complexes) the H–A interval is 55 msec. While on resumption of the pre-excited tachycardia the H–A is 35 msec with an identical actual activation sequence. A longer H–A during RV pacing than during the tachycardia supports A–V nodal reentry with innocent bystander bypass tract as the mechanism of the preexcited tachycardia. See text for discussion.



FIG. 10-34. Initiation of preexcited tachycardia that is due to A–V nodal reentry by a ventricular extrastimulus. A. During ventricular stimulation, a VPD at a coupling interval of 300 msec produces V–H prolongation with a very short H–A interval without any tachycardia. B. When the coupling interval is reduced to 290 msec, the increased V–H is associated with retrograde conduction up a fast A–V nodal pathway, which turns around to conduct down the slow pathway and simultaneously activate the atria. Atrial activation reaches a left lateral bypass tract, through which it conducts antegradely to the ventricle before the impulse reaches the His bundle over the slow pathway. A–V nodal reentry continues, but the QRS is always preexcited because of antegrade conduction over the bypass tract, preempting conduction over the slow pathway and normal His-Purkinje system. Note the H–A interval on the initiating complex is longer than the H–A interval during the tachycardia despite the fact that the H 1–H2 interval exceeds the cycle length of the tachycardia. See text for discussion.



All our patients with A–V nodal reentry demonstrated shorter H–A intervals during the preexcited tachycardia than during ventricular pacing. In our patients, atrial stimulation during the preexcited tachycardia could advance the preexcited QRS but was always associated with a change in the V–A interval. The V–A interval should change for one of several reasons: (a) Atrial stimulation penetrates the A–V node, producing slower conduction down the slow pathway before resumption of the tachycardia, which, in the presence of a fixed A–V interval in response to the APD, would lead to a longer V–A interval; (b) The preexcited QRS complex could theoretically retrogradely enter the His-Purkinje system, capture the His retrogradely, and conduct up the fast pathway and reset A–V nodal reentry in that manner. If that were the case, for the same V–A interval to be present, the retrograde conduction time (the V–H interval) of the preexcited QRS complex plus the H–A interval in response to this complex should add up to the same V–A interval of an undisturbed A–V nodal reentry. Even if this unlikely event occurred, the H–A interval of that preexcited complex would necessarily exceed that during the rest of the tachycardia. Observations that could exclude A–V nodal reentry are shown in Table 10-4. Of note, cycle length alterations dependent on changing V–H intervals—thereby demonstrating requisite participation of the His-Purkinje system in the tachycardia circuit (36)—are not uncommon in true antidromic tachycardias. This is one of the diagnostic features of true antidromic tachycardias. We never saw this phenomenon in any of our patients with A–V nodal reentry and innocent bystander bypass tracts. Documentation of A–V nodal reentry as the underlying mechanism of a preexcited tachycardia is of critical importance in planning ablative therapy to cure the arrhythmia. As noted above the mere presence of an H–A interval of 


TABLE 10-4. Methods to exclude A–V nodal reentry as a cause of a preexcited tachycardia



Thus, preexcited tachycardias have multiple mechanisms. The term antidromic tachycardia should be reserved for tachycardias that use an A–V bypass tract antegradely and the normal A–V conducting system retrogradely. A schema of some of the potential mechanisms of preexcited tachycardias is given in Figure 10-35. The difficulty in recording clear retrograde or antegrade His potentials during atrial or ventricular stimulation in the presence of preexcitation makes establishment of the exact initiating and sustaining mechanisms of preexcited tachycardias difficult to ascertain. Nevertheless, in our experience, 30% of preexcited tachycardias are due to A–V nodal reentry with an innocent bystander bypass tract. In addition, the majority (approximately 60%) of our patients with spontaneous reentrant preexcited tachycardias incorporating a bypass tract as the anterior limb have multiple bypass tracts (concealed or manifest), whether or not they are used as the retrograde limb). This is in concordance with the incidence of multiple bypass tracts reported by Gallagher et al. ( 33) and Benditt et al. (35).



FIG. 10-35. Schema of multiple mechanisms of preexcited tachycardias. A. The top ladder diagram shows “classic” antidromic tachycardia initiated by an APD, blocks in the node and conducts over the same bypass tract observed during atrial pacing. Retrograde conduction proceeds with marked V–H–A delay to initiate a preexcited tachycardia. B. A–V nodal reentry (block in the fast and conduction down the slow pathway is shown) with 1:2 conduction. The slow pathway fails to excite the ventricles, because they remain refractory owing to excitation over the bypass tract in response to A 2. When the atrial echo reaches the bypass tract, however, antegrade conduction is possible. A–V nodal reentry perpetuates itself, but the QRS is always caused by excitation over the bypass tract, which prevents antegrade activation over the normal A–V conducting system. C. An atrial premature complex initiating preexcited tachycardia using a second bypass tract for retrograde conduction. D. Classic antidromic tachycardia being initiated by ventricular premature stimulus E. Multiple complicated routes of activation when two bypass tracts are operative. See text for discussion.



It is of interest, however, that patients with antidromic tachycardias, or more accurately, preexcited circus movement tachycardias, have shorter effective refractory periods of their A–V node and manifest accessory pathway, both antegradely and retrogradely, than a comparable group of control patients ( 66). Almost all patients with preexcited reciprocating tachycardias demonstrate antegrade conduction down a lateral (left or right) bypass tract ( Fig. 10-25, Fig. 10-26, Fig. 10-30, Fig. 10-31, Fig. 10-32, Fig. 10-33 and Fig. 10-34, Fig. 10-36). Retrograde conduction may occur over another bypass tract (either lateral or septal) or over the A–V node. We have never documented, nor have we encountered in literature, a “classic” antidromic tachycardia with antegrade conduction solely over a septal bypass tract. Antegrade conduction over a true septal bypass tract has occurred only during preexcited tachycardias using multiple bypass tracts. Tachycardia cycle lengths also



appear to be shorter during preexcited tachycardias than during orthodromic tachycardias when they occur in the same patient. This may merely be supportive evidence that retrograde conduction uses another bypass tract instead of the more slowly conducting A–V node. In fact, in the absence of dual A–V nodal pathways, in all but two of our patients with “classic antidromic tachycardia,” the cycle length was longer than the orthodromic tachycardia in the same patient. This may not be the case if dual A–V nodal physiology is present and if the orthodromic tachycardia uses the slow pathway antegradely while the antidromic tachycardia uses the fast pathway retrogradely. This situation may explain why Packer et al. ( 66) found the cycle length of antidromic tachycardia to be shorter than orthodromic tachycardia in the same patient. In our experience, preexcited tachycardias using two or more bypass tracts tend to have longer cycle lengths than orthodromic tachycardias or the “classic” antidromic tachycardia. This is due to the fact two bypass tracts are typically in opposite chambers and are incorporated in a larger reentrant circuit than one involving a midline, rapidly conducting A–V node.



FIG. 10-36. Preexcited tachycardia using two bypass tracts. A preexcited tachycardia is present using a right lateral bypass tract antegradely and a left posterior free wall bypass tract retrogradely (earliest retrograde activation, CSp).



Finally, it is important to recognize that preexcited tachycardias may be irregular, even if they truly represent classic antidromic tachycardia. Rate changes are most commonly due to changes in retrograde conduction (Table 10-5). This is often due to changing retrograde conduction over different fascicles, with different V–H intervals, in patients with classic antidromic tachycardia ( Fig. 10-37) (36). Obviously, one also may see such irregularities whenever different routes of retrograde and/or antegrade conduction use different bypass tracts. However, if the change in cycle length can be ascribed to a change in V–H and/or subsequent H–A intervals, it suggests that retrograde conduction occurs over the normal A–V conducting system ( Fig. 10-38). This is evidence diagnostic of classic antidromic tachycardia. More rarely, as shown in Figure 10-39, rate changes can occur due to a change in A–V intervals ( Table 10-6). This may relate to unusual properties of the bypass tract. Carotid sinus stimulation may be of help in distinguishing pre-excited tachycardias if the rhythm terminates ( Table 10-7).



TABLE 10-5. Rate changes during preexcited tachycardias due to changes in retrograde conduction



FIG. 10-37. Antidromic tachycardia with an irregular ventricular response. ECG leads I, II, II, V1 and V6 are shown with recordings from the HRA, CS, and His bundle. Antidromic tachycardia is present with anterograde conduction over a right paraseptal bypass tract. The change in cycle length is related to a change in V–H and consequently V–A intervals (arrows). See text for discussion. (From: Kuck KH, Brugada P, Wellens HJJ. Observations on the antidromic type of circus movement tachycardia in the Wolff-Parkinson-White syndrome. J Am Coll Cardiol 1983;2:1003.)



FIG. 10-38. Mechanisms of change in cycle length during antidromic tachycardia due to altered ventriculoatrial conduction. During antidromic tachycardia the cycle length can prolong if the route of retrograde conduction changes as manifested by a change in V–H interval ( panel A, top) or there is a change in retrograde conduction through the A–V node (panel B, bottom). See text for discussion. (Adapted from: Wellens HJJ, Josephson, ME. Preexcited tachycardias. In: Josephson ME, Wellens HJJ, eds. Tachycardias: mechanisms and management. Mount Kisko, NY: Futura Publishing, 1993:313–333.)



FIG. 10-39. Change in cycle length of antidromic tachycardia due to a change in anterograde conduction. Antidromic tachycardia with an alternating cycle length is shown. This may be due to conduction over two adjacent pathways with different conduction properties or a single pathway with dual A–V conduction pathways. See text for discussion. (Adapted from: Wellens HJJ, Josephson, ME. Preexcited tachycardias. In: Josephson ME, Wellens HJJ, eds. Tachycardias: mechanisms and management. Mount Kisko, NY: Fu-tura Publishing, 1993:313–333.)



TABLE 10-6. Rate changes during regular preexcited tachycardias due to changes in anterograde conduction



TABLE 10-7. Effect of carotid sinus pressure on preexcited tachycardias



The site of stimulation not only plays an important role in inducibility of circus movement tachycardia (see preceding discussion) but also may determine the type of circus movement tachycardia. Wellens and Brugada ( 34) demonstrated that APDs at the same coupling intervals could induce antidromic or orthodromic tachycardia, depending on the stimulation site ( Fig. 10-40). The closer the stimulation site is to the bypass tract, the more likely block in the bypass tract will occur and orthodromic tachycardia result. Conversely, antidromic tachycardia is more likely to occur with APDs delivered close to the A–V node.



FIG. 10-40. Effect of site of stimulation on the mechanism of induced arrhythmias. A. During HRA stimulation, an APD delivered at an A 1A2 of 260 msec blocks in the A–V node and conducts totally over a left lateral bypass tract. Retrograde conduction goes over the normal His-Purkinje system to initiate a classic antidromic tachycardia. Note that the V–H and H–A intervals are directly related to the cycle length of the tachycardia complexes supporting use of the His-Purkinje system for retrograde conduction. B. When stimulation is performed near the site of the bypass tract in the CS, block of the bypass tract occurs at the identical A 1A2 interval that produced A–V nodal block when HRA stimulation was used. With block in the bypass tract, conduction proceeds over the normal conducting system to initiate classic orthodromic tachycardia. See text for discussion.



Atrial Fibrillation Atrial fibrillation occurs in approximately 50% of patients with WPW syndrome, and in approximately 20% is the presenting arrhythmia. Its clinical importance is the fact that extremely rapid rates can occur over the bypass tract leading to ventricular fibrillation ( Fig. 10-41A). In our experience, no clinical features or bypass tract locations distinguish patients with preexcitation and atrial fibrillation from those without atrial fibrillation. Although patients with atrial fibrillation have somewhat shorter bypass tract refractory periods than those with orthodromic SVT only (305 vs. 260 msec), overlap is considerable. Only those patients who present with a cardiac arrest have significantly shorter antegrade refractory periods (mean, 225 msec). Whereas patients with atrial fibrillation have a higher incidence of inducible circus movement tachycardia than those who are asymptomatic, the cycle length of induced tachycardias is similar in both groups. We also have not found atrial pressure during circus movement tachycardia to differ in the two groups. As stated earlier, for unclear reasons, patients with overt preexcitation do have a higher incidence of atrial fibrillation than those with concealed bypass tracts despite comparable bypass tract locations and tachycardia cycle lengths. Although this suggests a relationship between specific atrial insertion sites of the bypass tract and the genesis of atrial fibrillation, we have not found this to be the case.



FIG. 10-41. Atrial fibrillation in WPW. A. Ventricular response during atrial fibrillation with preexcited ventricular complexes (left free wall) is usually faster than when complexes are not preexcited. Here, the shortest R–R interval is 210 msec, and the mean R–R is 330 msec. B. Orthodromic tachycardia using a left free wall bypass tract (earliest atrial activation in CS p) is present for the first three complexes. Following the third complex, degeneration to atrial fibrillation is observed. Note that despite the fact that the bypass tract is located in the left posterior free wall, atrial fibrillation begins in the right atrium. At initiation of the tachycardia, the QRS complexes are normal, because of retrograde concealment into the bypass tract. See text for discussion.



The most common mechanism by which atrial fibrillation spontaneously develops is degeneration from circus movement tachycardia ( Fig. 10-41B). This may explain the similarity of bypass tract refractory periods of patients presenting with SVT and atrial fibrillation. Of interest, in most cases, initiation of atrial fibrillation begins in the right atrium, a site usually far removed from the atrial insertion of the bypass tract. This mechanism has been observed by others ( 68,69,70 and 71). This makes one wonder what the real role of the bypass tract is in atrial fibrillation. Induction of atrial fibrillation in the laboratory with atrial premature beats is similar to induction of atrial fibrillation in patients with atrial fibrillation without preexcitation. The electrophysiologic substrate (prolonged intra-atrial conduction in response to APDs and the failure of refractoriness to adapt to changes in cycle length) is discussed in Chapter 9. Vulnerability to induction of >1 min of atrial fibrillation by one or two APDs is observed in 50% to 85% of patients presenting with atrial fibrillation compared to 90%) of patients. Of some concern is the persistent vulnerability to atrial fibrillation that has been noted by Hassaguerre and colleagues ( 42) of 56%. Others have also noted persistent vulnerabilty ( 41). We have observed that the response to APDs described above is also unaltered by surgical or catheter ablation. Perhaps these people will develop lone atrial fibrillation at a later age. The answer to this problem will require a 20- to 40-year follow-up. In the patients who are not cured by ablative procedures, primary atrial abnormalities may be responsible for atrial fibrillation in a similar fashion as they are in patients without preexcitation. A study is required to evaluate whether the ability to initiate atrial fibrillation predicts a substrate that will not be changed by cure of WPW ablative therapy and hence, likely recurrence of fibrillation during long term follow-up. Localization of the Bypass Tract Although the initial suggestion of Rosenbaum et al. ( 72) that bypass tracts could be divided into Type A and Type B (based on the major QRS forces in V 1 and V2), the results of catheter endocardial and intraoperative epicardial mapping suggested a variety of locations of bypass tracts exists. Based on the results of epicardial mapping, Gallagher et al. ( 33) and Tonkin et al. (73) proposed 8 to 12 locations of bypass tracts, which could be recognized by the initial 40-msec vector of the delta wave during maximal preexcitation. Similar complex algorithms have been proposed in the “ablation” era to attempt to precisely localize the accessory pathway to 12 sites around the A–V valves as well as epicardial sites within the coronary sinus ( 74,75,76,77 and 78). They have actually attempted to distinguish mid-septal (right and left), para-Hisian, and anteroseptal bypass tracts, which arise within 1.5 cm of each other using ECG criteria ( 76,79). Although these electrocardiographic and vector-cardiographic criteria may be useful during maximal preexcitation, for the most part, during sinus rhythm, the QRS complex is a fusion and total preexcitation is not present. One cannot arbitrarily use the initial 20 or 40 msec of the QRS or the ratio of R/S in any lead in the absence of total preexcitation to pinpoint the location of a bypass tract. The site of transition of the precordial leads is also flawed by variable lead placement, variations of body shape and/or size, and variations in heart size, location in the chest, and extent of fibrosis or other disease process. As such, I believe a simple approach to regionalize accessory pathways is most reasonable. Lindsay et al. (80) and Milstein et al. (81) have developed more practical ECG criteria to localize the general region of bypass tracts. Milstein et al. ( 81) divided bypass tracts into four general locations, which represent the four surgical approaches (anteroseptal, right free wall, posteroseptal, and left free wall). I prefer to divide the location of bypass tracts into five regions: an anteroseptal region, right free wall region, posteroseptal region, a posterior free wall region, and left lateral region. I do this because of significant differences in the ECG of left posterior free wall and true left lateral bypass tract. One could potentially divide the right free wall into two areas—anterior and lateral—but these bypass tracts are insufficiently common to justify this. The schema of locations that we use is shown in Figure 10-42. Basically, left lateral bypass tracts are characterized by negative delta waves in leads 1 and L and by positive delta waves in inferior leads and all the precordial leads. Left posterior (inferior) free wall bypass tracts usually have positive delta waves in lead 1, negative delta waves in inferior leads, and strongly positive delta waves in the right precordial leads. This group may be difficult to distinguish from posteroseptal bypass tracts, which have positive delta waves in 1 and L. Posteroseptal bypass tracts are characterized by negative delta waves in the inferior leads (although lead 2 may be isoelectric or biphasic), a left superior axis, and an R/S ratio less than 1 in V 1. The more negative the delta in lead 2 the more leftward the location. While Arruda et al. ( 74) state that a negative delta in lead 2 suggests an epicardial CS location, this is not true in the majority of cases. It is, however, true that the larger the negative delta wave in lead 3 relative to lead 2, the more likely this will be a posteroseptal bypass tract that is approachable from the right side. Right free-wall bypass tracts generally have biphasic or minimally positive delta waves in both V 1 and V2, and positive delta waves in leads 1 and 2, with usually a slightly negative delta wave in lead 3. Anteroseptal bypass tracts have positive delta waves in lead 1, inferiorly directed delta waves that are positive in lead 2 and aVF greater than lead 3, and precordial leads with primarily negative or biphasic (40 msec) delta waves (this is in contrast to right lateral bypass tracts, which have definite positive delta waves that are broad but smaller than the S waves in V 1 and V2). I agree with Hassaguerre et al. (79) that a purely negative delta wave in leads V 1 and V2, when associated with a His deflection at the earliest site of ventricular activation (see below), and positive delta waves in leads 2 and aVF suggests a para-Hisian location of the acccessory pathway; however, consideable overlap exists with anteroseptal bypass tracts.



FIG. 10-42. Schema of bypass tract locations used for ECG analysis. On the left the heart is opened at the midatrial level, and on the right the atria have been removed. The regions we find useful for ECG classification of bypass tracts are shown on the left. Region 1 is left lateral, region 2 is left posterior free wall, region 3 is posterior septal, region 4 is right free wall, and region 5 is anterior septal. The area between 3 and 5 along the tricuspid valve incorporates what are now referred to as midseptal pathways. See text for discussion.



Analysis of retrograde P-wave morphology during SVT is also helpful in localizing the atrial insertion site of the bypass tracts used for retrograde conduction during SVT. Posteroseptal bypass tracts have inverted P waves in the inferior leads and positive P waves in aVR and aVL. Posterior left free wall bypass tracts have a simliar P-wave morphology in the inferior leads, but the P wave in aVR is more positive than in aVL (which is often isoelectric) and the P wave in lead 2 is more negative than the P wave in lead 3. Left lateral bypass tracts have negative P waves in leads 1 and aVL with a tendency for positive P waves in lead 3 to be greater than those in lead aVF, which are greater than those in lead 2 as the location of the bypass tracts moves more superiorly. In left superior atrial insertion sites the P wave will be more positive in lead 3 than in lead 2, while the opposite is true for right anterior free wall bypass tracts. Despite claims as to the accuracy of a variety of schemas to precisely localize the ventricular, they all have many limitations and pitfalls. These include the influence of prior infarction, conduction defects, hypertrophy, drug and/or electrolyte imbalance, congenital heart disease, and postoperative changes, which can all influence the electrocardiogram. Moreover, the potential for multiple bypass tracts, the absence of maximal preexcitation, variable lead positions across the precordium, and variations in the position of the heart relative to the recording electrodes, make precise localization merely a guess. Nevertheless, the ECG can help regionalize the site of the bypass tract. Other techniques are required to more accurately and precisely identify the location of the bypass tract. Several intracardiac mapping and stimulation techniques have been used: (a) determination of the relationship of the delta wave to local ventricular electrograms, (b) pacing from multiple atrial sites, (c) analysis of the retrograde atrial activation pattern during orthodromic tachycardia and/or ventricular stimulation, (d) evaluation of the effect of bundle branch block on V–A conduction during SVT, and (e) direct recording of electrical potentials from the bypass tract. Relation of Local Ventricular Electrograms to Delta Wave Theoretically, if one could map the ventricles along the mitral and tricuspid rings, the earliest site of ventricular activation and, therefore, the ventricular insertion of the bypass tract could be localized. Aside from technical considerations that may limit this approach, particularly in the left ventricle, whether the bypass tract is epicardial (they usually are) or truly endocardial may influence the relative timing of the local ventricular electrogram, because conduction across the muscle wall will be markedly influenced by anisotropic properties of the ventricle. Because the right ventricle bypass tracts are in some instances endocardial ( 82), analysis of multiple-site right ventricular electrograms extending from just cephalad to the tricuspid valve at the His bundle recording site and moving anterolaterally, laterally, and inferoposteriorly can provide considerable information. Use of a Halo catheter or other multipolar catheter to record circumferentially around the tricuspid annulus is extremely useful in regionalizing the bypass tract. Analysis of left ventricular electrograms in the coronary sinus recording provides similar information. We used quadripolar, hexapolar, octapolar, decapolar, and occasionally, dodecapolar catheters for coronary sinus recordings. When the entire coronary sinus cannot be recorded by the electrodes on a single catheter, we move the catheter within the coronary sinus to record a total of 8 to 12 sites. We record bipolar electrograms using either 2-mm or 5-mm interelectrode distances. We usually use all poles for adjacent recordings (i.e., we obtain recordings from poles 1 and 2, 2 and 3, 3 and 4, 4 and 5, and 5 and 6 in a hexapolar catheter) when electrodes have a 5-mm interelectrode distance. Unipolar recordings (unfiltered and filtered) are used to assess which pole is closest to the bypass tract. This is of particular value in guiding the ablation catheter. An example of this technique is shown in Fig. 10-43, in which we used a decapolar catheter (tenth pole not shown) in the coronary sinus. One can clearly see that the second bipolar pair provides the earliest electrogram in the filtered signal, and the unipolar recordings reveal that the second pole is the closest to the ventricular insertion site. Although the theoretical advantage of unipolar electrograms is the ability to distinguish contributions of individual poles, frequently the electrograms are so large, and the intrinsicoid deflections not easily determinable, that the ability to distinguish the fastest of a slow-moving waveform is problematic. This is particularly relevant when the coronary sinus is away from the annulus, a frequent problem in the posteroseptal and posterior region (on the atrial side of the annulus) and the distal coronary sinus (ventricular side of the annulus). The variability of the anatomic relationship of the coronary sinus and mitral annulus is an important limitation to the use of electrograms recorded in the coronary sinus to identify the atrial insertion site of the accessory pathway ( 83). As such, ultimately the recordings from the ablation catheter determine the site of ablation. As stated above, the use of both unipolar and bipolar recordings is important to precisely localize the ventricular insertion of the bypass tract for catheter ablation. It is critical to demonstrate that the tip electrode of the ablation/mapping catheter is recording the earliest activity since it will be the electrode through which radiofrequency energy is delivered. Recordings from the LV mapping electrode are compared to those in the coronary sinus to ensure recording of the earliest atrial activity.



FIG. 10-43. Use of unipolar and bipolar recordings to localize ventricular insertion of the bypass tract in the left ventricle. Bipolar and unipolar recordings from a decapolar catheter in the CS are shown. The tenth pole is not recorded. Note the earliest bipolar recording is recorded from between poles 2 and 3 of the CS catheter. Using unipolar recordings, the earliest intrinsicoid deflection is in pole 2, defining that pole as closest to the site of ventricular insertion of the bypass tract. See text for discussion.



The ability to use the coronary sinus catheter to assess left ventricular preexcitation should not be neglected and is simple to perform. The limitations imposed by anatomic variations applies for the ventricular insertion site as well, but are less significant. Normally, the basal aspects of the left ventricle recorded from the coronary sinus are activated late in the normal QRS complex. In the presence of a left-sided bypass tract, the base of the heart is activated early, simultaneously with the delta wave (Fig. 10-43). Early activation usually can be distinguished in one bipolar electrogram with an accuracy of 1 cm if 5-mm interelectrode distances are used. The accuracy improves to 


FIG. 10-44. Relationship of site of ventricular insertion to retrograde atrial activation during orthodromic tachycardia. A. A sinus complex in a patient with a left lateral bypass tract is shown. Note the earliest ventricular activation is in the distal CS (CS 1), which actually precedes the delta wave on the surface ECG. B. During orthodromic tachycardia, retrograde atrial activation is earliest at the same site.



FIG. 10-45. Direction of slant of bypass tracts. The direction of slant between atrial and ventricular bypass tracts. From NASPE/ACC electrophysiology board review course, with permission.



Pacing from Multiple Atrial Sites As discussed earlier, the closer the stimulation site is to the atrial insertion of the bypass tract, the more rapidly the impulse will reach the bypass tract relative to the A–V node. Thus, the greater the proximity to the atrial insertion site of the bypass tract during atrial pacing, the greater the degree of preexcitation and the shorter the P-to-delta-wave interval (33,84). This results because the effects of intra-atrial and interatrial conduction delays are minimized, particularly when dealing with left-sided bypass tracts. For example, if activation of the atrial insertion of the bypass tract begins 80 msec after the high-right atrial depolarization, pacing the atrium at or near the site of the bypass tract will shorten that interval by approximately 80 msec. This will decrease the P-to-delta-wave time by approximately 80 msec and will produce a greater degree of ventricular preexcitation because the ventricles will begin depolarization earlier via the bypass tract. An example of how this technique can be used to localize the bypass tract is shown in Figure 10-46 in which high-right atrial pacing results in preexcitation with a P-to-delta-wave interval of 95 msec, while coronary sinus pacing produces a shortening of the P-to-delta-wave interval to 50 msec and a greater degree of preexcitation. This effect is particularly valuable in localizing the bypass tract if it is incapable of retrograde conduction, thereby prohibiting localization by atrial mapping during SVT or ventricular pacing (see following discussion).



FIG. 10-46. Effect of atrial pacing site on the degree of preexcitation. In the left panel, HRA pacing at a cycle length of 600 msec is associated with a P-delta interval of 95 msec and with significant preexcitation. However, when atrial pacing is carried out from the CS at the identical cycle length, more marked preexcitation and a shorter P-delta (50 msec) interval result, giving evidence of a left-sided bypass tract. See text for further discussion.



Retrograde Atrial Activation The demonstration of eccentric retrograde atrial activation during ventricular stimulation and/or orthodromic circus movement SVT is evidence of a retrogradely conducting A–V bypass tract (33,85,86). Because retrograde atrial activation during orthodromic circus movement tachycardia proceeds from the atrial insertion of the bypass tract, localization of the earliest site of the retrograde atrial activation identifies the atrial insertion site of the bypass tract. Therefore, it is imperative that electrograms from around both the tricuspid and mitral valves be evaluated. A halo catheter may be useful to guide precise mapping of right-sided pathways. A multipolar catheter recording from the os to the distal coronary sinus (near the aortic valve) can be used to guide left atrial mapping with the limitations of coronary sinus anatomy taken into consideration. Precise mapping should be performed with a deflectible tip catheter in both the right and left atrium or via the retrograde aortic approach to the LV. Occasionally mapping of the veins off the coronary sinus is necessary to precisely localize epicardial pathways. These are not infrequently associated with structural abnormalities in the coronary sinus, e.g., coronary sinus diverticulum. Mapping should be performed during ventricular pacing or, preferably, during orthodromic SVT. Both right and left atrial catheters can be moved to record along the entire circumference of the tricuspid and mitral valves to precisely ascertain the site of earliest atrial activation. This is critically important, particularly when multiple bypass tracts are suspected (see following discussion). In normal patients and in those with A–V nodal reentrant SVT, the earliest site of retrograde atrial activation during ventricular pacing is usually at the apex or base of the triangle of Koch. In many patients multiple breakthrough sites are seen with simultaneous activation of the apex and base of the triangle of Koch or even the coronary sinus (87,88) (see Chap. 8). The remainder of the right atrium and the more distal sites of the coronary sinus are activated later ( 85,86,87,88 and 89). In patients with retrogradely functioning free wall A–V bypass tracts, the atria are activated eccentrically during SVT and during ventricular pacing, if retrograde conduction in the latter instance proceeds over the bypass tract preferentially. Consequently, the left atrium will be depolarized first in the presence of a left free wall bypass tract, and the free wall of the right atrium will be depolarized first in the presence of a right free wall bypass tract ( Fig. 10-44, Fig. 10-47, Fig. 10-48, Fig. 10-49, Fig. 10-50 and Fig. 10-51). Thus, the retrograde atrial activation sequence during ventricular pacing is similar to that during SVT, particularly during fast-paced rates that favor conduction over the accessory pathway. Furthermore, as stated earlier, the retrograde atrial activation sequence during ventricular stimulation and the comparative antegrade activation sequence during sinus rhythm occur near each other, with some differences based on whether the bypass tract is slanted ( Fig. 10-52).



FIG. 10-47. Orthodromic tachycardia with left lateral bypass tract. A sinus complex with antegrade preexcitation over a left lateral bypass tract is documented by ventricular activation before the delta wave in the next to last bipolar electrode from a hexapolar coronary sinus catheter (CS 2–3). Orthodromic tachycardia is shown on the right. Earliest retrograde atrial activation is also recorded in electrode CS 2–3. The CS electrodes bracketing the earliest activity (i.e., CS 1–2 and CS3–4) confirm



CS2–3 as earliest.



FIG. 10-48. Use of direct left atrial recording to localize a left lateral bypass tract. Orthodromic tachycardia is present. The coronary sinus catheter can be advanced only to the inferolateral portion of the CS. Although this site showed the shortest ventriculoatrial activation and earliest atrial activation, the catheter could not be advanced to evaluate more distal left atrial sites. Direct left atrial catheterization through a patent foramen ovate enabled recording atrial activity at the level of the LAA and showed that it was later than the atrial electrogram from the CS d. This, therefore, bracketed the earliest site, proving it came from the midlateral wall.



FIG. 10-49. Retrograde atrial activation during orthodromic tachycardia using a posterior free wall bypass tract. A. A sinus complex. B. Orthodromic tachycardia. Earliest ventricular activity during NSR is shown in the CSp, which is in the midposterior free wall of the left atrium. This corresponds to the earliest site of atrial activation during orthodromic tachycardia. Later activation in both the CS d and HBE confirms the posterior free wall at the site of the bypass tract.



FIG. 10-50. Atrial activation during orthodromic tachycardia using a right posterior lateral bypass tract. During orthodromic tachycardia, the atrial electrogram at the LRA precedes atrial activation at the CS p and the HBE.



FIG. 10-51. Orthodromic tachycardia using a right anterior paraseptal bypass tract. Orthodromic tachycardia with a right bundle branch block morphology is present. Earliest atrial activation appears in the anterior right atrium and is followed by atrial activation in the anterolateral right atrium and HBE. Left atrial activation as measured in the CS occurs later. RAant = anterolateral right atrium; RAlat = lateral right atrium.



FIG. 10-52. Use of ventricular pacing to assess retrograde atrial activation. A. Sinus rhythm with preexcitation over a left lateral bypass tract (earliest ventricular activity in CS 1). B. Ven-tricular pacing produces a retrograde atrial activation sequence that matches the site of antegrade preexcitation with the earliest atrial



activation in the CS 1.



In patients with retrogradely functioning septal bypass tracts, atrial excitation may appear similar to “normal” atrial activation located in the anterior, mid, or posterior triangle of Koch, as shown in Figure 10-53 and Figure 10-54. With posteroseptal bypass tracts, the electrogram at the os of the coronary sinus or base of the triangle of Koch will usually be slightly earlier than that recorded at the apex of the triangle of Koch. With anteroseptal, para-Hisian, or mid-septal bypass tracts, the electrogram at or near the apex or mid portion of the triangle of Koch will be earlier than the base of the triangle of Koch or coronary sinus. Because both these patterns of atrial activation can be seen in an A–V nodal reentry, other methods must be used to show whether retrograde conduction is occurring over a bypass tract. Ventricular extrastimuli or pacing can help resolve the issue of what is conducting retrogradely with a “normal” retrograde atrial activation sequence. The most obvious situation is when ventricular extrastimuli clearly can dissociate retrograde conduction over a septal bypass tract from that over the normal A–V conducting system. This requires observation of conduction over both pathways simultaneously during ventricular stimulation ( Fig. 10-55). This figure additionally demonstrates phase 4 and phase 3 block in an anteroseptal bypass tract (see preceding discussion of electrophysiologic properties of A–V bypass tracts ). Sometimes, ventricular pacing or ventricular extrastimuli from the right ventricle can result in fusion of retrograde atrial activation over both the normal A–V conducting system and a left-sided bypass tract, giving the impression of “normal” retrograde conduction. In such instances, stimulation from the left ventricle can demonstrate the presence of a left-sided bypass tract where right ventricular stimulation yields confusing results. This is demonstrated in Figure 10-56, in which left ventricular pacing demonstrated a left free wall bypass tract, which is distinguished from a left lateral bypass tract by the earliest retrograde atrial activation being recorded in the midposterior coronary sinus and not the distal coronary sinus. This demonstrates the limitations of analyzing retrograde conduction during RV pacing during sinus rhythm to document the presence and location of a bypass tract. Use of verapamil or other drugs that impair A–V nodal conduction is another means of ensuring retrograde conduction up the bypass tract, thereby allowing one to localize the bypass tract.



FIG. 10-53. Orthodromic tachycardia using a posteroseptal bypass tract. A. A sinus complex with antegrade preexcitation over a posterior septal bypass tract. B. Orthodromic tachycardia. Earliest ventricular activation in sinus rhythm and atrial activation in SVT is recorded in the HBE. Atrial activation in the proximal CS and HRA occurs later. Note the relatively long local V–A time in the HBE is 45 msec despite the high gain. See text for discussion.



FIG. 10-54. Orthodromic tachycardia using an anteroseptal bypass tract. A. A sinus complex with preexcitation over an anteroseptal bypass tract demonstrating earliest ventricular activity preceding the delta wave in the HBE. B. During orthodromic tachycardia, earliest retrograde activation also occurs in the HBE.



FIG. 10-55. Use of ventricular extrastimuli to distinguish retrograde conduction over an anteroseptal bypass tract from retrograde conduction over the normal A–V conducting system. A.–D. Ventricular pacing at a basic cycle length of 600 msec is shown with progressively premature ventricular extrastimuli delivered. A. A ventricular extrastimulus is delivered at 380 msec and conducts retrogradely to the atrium with no V–A delay and a “normal” retrograde atrial activation sequence with earliest activity recorded in the HBE. B. When the coupling interval is reduced to 360 msec, a septal bypass tract is confirmed by a retrograde His bundle depolarization, which occurs after retrograde atrial activation with the same retrograde atrial activation sequence and timing. C. When a ventricular extrastimulus is delivered at 320 msec, block in the His-Purkinje system occurs and V–A conduction proceeds solely over the septal bypass tract. The retrograde atrial activation can now conduct antegradely down the normal conducting system to produce an echo complex. D. Block in the bypass tract and in the His-Purkinje system is observed. See text for discussion.



FIG. 10-56. Use of left ventricular pacing to diagnose left-sided bypass tract. A. During right ventricular pacing, retrograde atrial activation appears “normal” with earliest atrial activity recorded in the HBE, 110 msec following the QRS (*). B. When pacing is carried out from the left ventricle, earliest retrograde atrial activation is observed in the CSp with a V–A time of 110 msec (*). Note that, with left ventricular pacing, atrial activation in the HBE occurs significantly later, at 135 msec. Thus, in the presence of rapid V–A conduction over the normal A–V conducting system, stimulation from the left ventricle may be necessary to demonstrate the presence of a left-sided bypass tract.



Three other methods of ventricular stimulation during sinus rhythm are useful for distingishing septal bypass tracts from “normal” retrograde conduction as seen in A–V nodal reentry. The easiest is to compare the V–A interval during ventricular pacing from the RV apex and the RV inflow tract adjacent to the triangle of Koch. Since accessory pathways traverse the tricuspid annulus, pacing adjacent to the annulus will be associated with shorter V–A intervals than pacing from the RV apex. The opposite is true for A–V nodal tachycardia in which retrograde conduction must proceed over the right bundle branch, which is engaged earliest at the RV apex. A second method mentioned in Chapter 8 is to compare the H–A interval during SVT and the H–A interval during ventricular pacing. This analysis can virtually always separate septal bypass tracts from the A–V nodal reentry, as can the absolute value of the V–A interval. As also mentioned in Chapter 8, the H–A interval during ventricular pacing will always be less than that during SVT when a septal bypass tract is operative and will always be longer than that recorded during A–V nodal reentry in which the presence of a lower final common pathway in the A–V node is documented ( 90). Moreover, as mentioned earlier in Chapter 8, an absolute value of the V–A interval of 70 msec will separate septal bypass tracts from A–V nodal reentry. Benditt et al. have demonstrated that if one uses the electrogram at the high-right atrium, the V–A interval recorded to the high-right atrium always exceeds 95 msec during circus movement tachycardia ( 83). Interestingly, we have observed that the shortest local intracardiac V–A intervals are found in left lateral bypass tracts, with the shortest V–A interval being 58 msec (range 58 to 172). The earliest V–A interval reported by Benditt et al. ( 91) was 61 msec. The third method is by para-Hisian pacing. Changes in the atrial activation sequence and timing dependent on capturing the His bundle can distinguish normal retrograde conduction and that over a bypass tract ( Table 10-8) (92).



TABLE 10-8. Methods of distinguishing a bypass tract from normal retrograde conduction due to A–V nodal reentry



It is imperative that one recognize that, as with antegrade conduction, bypass tracts almost always behave in an all-or-none fashion during retrograde conduction. Thus, the V–A interval should remain constant despite oscillations of cycle length if a bypass tract is used. Alterations of the V–A interval can occur rarely, owing to concealed antegrade conduction in response to APDs or occasionally in response to a very early VPD at initiation of the tachycardia or during orthodromic tachycardia. Rarely, a bypass tract appears to exhibit longitudinal dissociation, resulting in two distinct V–A intervals with identical, eccentric, retrograde activation sequences. In general, however, the observation of changing V–A intervals usually means that multiple bypass tracts are operative (see following discussion) or that a different mechanism of the tachycardia exists. Differences in retrograde atrial activation sequence should be sought during these changes. Gallagher et al. ( 33) and Farre et al. (93) suggested that unipolar recordings may be extremely useful in determining the location of the bypass tract. Although unipolar recordings, if clear and discrete from ventricular recordings, can have localizing value, more often than not the atrial electrogram, particularly if the signal is unfiltered, is obfuscated by the local ventricular electrogram, which produces depolarization and repolarization waveforms that can alter the “purity” of the atrial signal. Pacing rapidly enough to block retrogradely in the bypass tract allows one to distinguish what component of a fused atrial and ventricular electrogram is atrial ( Fig. 10-57). Occasionally, however, unipolar electrograms can identify which of the poles of a bipolar pair is recording the earliest site of activation. An example of how unipolar recordings can identify the earliest bipolar signal at which the distal (tip) electrode records earlier activity than the proximal pole is shown in Figure 10-58 (courtesy of Warren Jackman). This becomes critical when performing transcatheter ablation of bypass tracts (see Chap. 14).



FIG. 10-57. Use of rapid ventricular pacing to distinguish atrial activity which is fused in the ventricular electrogram. Surface leads I, II, III, V 1 are shown with electrograms from the HRA, HBEd (diastal HBE), proximal (p), mid (m), and distal (d) CS and the ablation catheter. During ventricular pacing the atrial electrogram is fused with the ventricular electrogram in the first two beats. The third paced complex blocks retrogradely in the bypass tract allowing precise definition of the atrial electrogram. See text for discussion.



FIG. 10-58. Importance of unipolar recordings. Atrial activation is recorded during right ventricular pacing from the right atrial appendage (RAA), proximal and distal His bundle (HBd,p), 10 bipolar signals from the CS, a bipolar signal and unipolar signals from the distal (UNI-LV 1) and second pole (UNI-LV 2) of the LV mapping catheter. In the left panel the earliest component of the bipolar signal is recorded at UNI-LV 2, which is not appropriate if ablation is to be performed. The ideal site is



shown on the right at which the UNI-LV 1 signal is resposible for the earliest component of the bipolar signal. See text for discussion. (Courtesy of Warren Jackman.)



Effect of Bundle Branch Block During Orthodromic Tachycardia Prolongation of both the tachycardia cycle length, and more importantly, the V–A interval, by more than 35 msec following the development of bundle branch block is diagnostic of a free wall bypass tract ipsilateral to the conduction defect ( 33,86,94,95,96,97,98 and 99). The mechanism for this phenomenon (discussed in detail in Chap. 8) lies in the fact that at least some part of the ventricles is a required component of the reentrant circuit. The V–A interval thus includes the time the circulating impulse exits from the His-Purkinje system to the ventricular myocardium to the time it reaches the bypass tract. Therefore, patients with left free-wall bypass tracts will show prolongation of the V–A interval with the development of left bundle branch block, and those with right-sided bypass tracts show a V–A prolongation with right bundle branch block. In both instances, ipsilateral bundle branch block increases the size of the reentrant circuit by extending the amount of intraventricular conduction required to reach the bypass tract. Bundle branch block developing on the contralateral side to the bypass tract should have no influence on the V–A interval or cycle length of the tachycardia. Examples are shown in Figure 10-59, Figure 10-60, Figure 10-61. In patients with anteroseptal or posteroseptal bypass tracts, the development of bundle branch block produces either no increase in the V–A interval or an increase £25 msec ( 98,99). In patients with orthodromic tachycardia using a posteroseptal bypass tract, left bundle branch block may produce a small increase in the V–A interval (13 ± 8 msec), while in those using anteroseptal bypass tracts, right bundle branch block may be associated with a small increase in V–A interval (16 ± 9 msec) ( 99). Examples of the effect of left bundle branch block and right bundle branch block on the V–A intervals and cycle lengths in patients with orthodromic tachycardias and posteroseptal bypass tracts and anteroseptal bypass tracts, respectively, are shown in Figure 10-62 and Figure 10-63. We have also observed recently that the development of anterior fascicular block can alter V–A intervals during free wall left-sided bypass tracts with or without the presence of bundle branch block. Jazayeri et al. ( 100) studied this phenomenon in a large group of patients. These investigators demonstrated a 15- to 35-msec increase in the V–A interval with the development of left anterior hemiblock, regardless of whether it occurred with a normal QRS or with either right or left bundle branch block ( Fig. 10-64). Examples of the effect of anterior hemiblock on V–A intervals during aberration produced by either ventricular stimulation or atrial stimulation are shown in Figure 10-65 and Figure 10-66. Varying degrees of anterior hemiblock may produce different V–A intervals. The effect of the development of anterior hemiblock on V–A intervals is most marked in the presence of superolateral free wall left-sided bypass tracts. As noted in Chapter 8, these phenomena result because conduction disturbances in one or both fascicles of the conducting system ipsilateral to the bypass tract enlarge the reentrant circuit by forcing the initial site of ventricular activation farther away from the bypass tract (Fig. 10-67). These observations are useful in localizing bypass tracts to the free wall or septal regions of the heart when detailed atrial mapping cannot be performed.



FIG. 10-59. Effect of LBBB during orthodromic tachycardia using a left free-wall bypass tract. Orthodromic tachycardia with LBBB is present on the left and with a normal QRS on the right. During LBBB, the V–A time is 150 msec, while during normal ventricular activation it is 90 msec. The H–V is also slightly prolonged during LBBB (60 vs. 50 msec). The difference in V–A intervals and the slight change in H–V intervals result in a tachycardia cycle length that is significantly slower (345 msec) during LBBB aberration than when ventricular activation is normal (295 msec). LA = left atrium.



FIG. 10-60. Failure of RBBB aberration to alter retrograde activation time during orthodromic tachycardia using a left free wall bypass tract . A. Orthodromic tachycardia is present with a normal QRS. B. It is present with RBBB aberration. A. and B. Earliest retrograde atrial activation is observed in the distal CS. Note an identical V–A conduction time during normal and RBBB complexes. See text for discussion. ALRA = anterolateral right atrium.



FIG. 10-61. Alternating bundle branch block during orthodromic tachycardia using a left-sided bypass tract. Leads 1, aVF, and V6 (A) and leads 1, aVF, and V 1 (B) are shown with intracardiac recordings. Orthodromic tachycardia is present in both panels. A. The first three complexes manifest LBBB aberration and have a V–A interval of 170 msec and a cycle length of 330 msec. This converts to a normal QRS with a V–A interval of 120 msec and a cycle length of 280 msec. B. Recorded shortly thereafter, RBBB is present (qR in V 1), which has the same V–A interval of 120 msec as when the tachycardia manifested normal QRS. The slight change in cycle length in this instance is due to changing A–H intervals. See text for discussion.



FIG. 10-62. Effect of LBBB on orthodromic tachycardia using a posterior septal bypass tract. Orthodromic tachycardia using a posterior septal bypass tract is shown in both panels. Earliest retrograde atrial activation is seen at the CS os. The V–A interval and cycle length are unchanged by the development of LBBB.



FIG. 10-63. Effect of RBBB on V–A conduction during orthodromic tachycardia using an anteroseptal bypass tract. Orthdromic tachycardia is present with RBBB aberration and a normal ORS. Earliest retrograde atrial activation during both is in the HBEd. During RBBB aberration, the V–A interval is slightly greater than that during normal ventricular activation (94 vs. 87 msec). This is associated with a minimal difference in tachycardia cycle length. See text for discussion.



FIG. 10-64. Effect of left anterior fascicular block (LAFB) on V–A intervals during orthodromic tachycardia. Three patient groups were studied during orthodromic SV using a left lateral bypass tract: those with normal QRS (NQRS), those with LBBB, and those with RBBB. In all three groups, the V–A interval is compared during normal axis (NA) and during LAFB. Note an increase in the V–A interval in each patient group with the development of LAFB. See text for discussion. OT = orthodromic tachycardia; VACT = V–A conduction time. (From: Jazayeri MR, Caceres J, Tchou P, et al. Electrophysiologic characteristics of sudden QRS axis deviation during orthodromic tachycardia: role of functional fascicular block in localization of accessory pathway. J Clin Invest 1989;83:952.)



FIG. 10-65. Effect of left anterior hemiblock and LBBB on orthodromic tachycardia using a left lateral bypass tract. Orthodromic tachycardia is initiated by a ventricular extrastimulus (S2) delivered at coupling interval of 220 msec during a basic drive cycle length of 400 msec. The tachycardia is initiated via bundle branch reentry. The bundle branch reentrant complex functions as a left bundle left axis deviation complex and has a V–A interval of 130 msec. This is followed by a complex that has a narrower QRS but left axis deviation. The V–A interval during left axis deviation with a normal QRS is 105 msec. When the QRS normalizes both in axis and duration, the V–A interval is 80. The last three complexes demonstrate normal axis with incomplete RBBB, and the V–A interval remains fixed at 80 msec. See text for discussion.



FIG. 10-66. Effect of left anterior hemiblock and on V–A intervals in orthodromic tachycardias induced by atrial stimulation. Orthodromic tachycardia is induced by an atrial extrastimulus delivered from the HRA at a coupling interval of 310 msec. The first two complexes manifest left anterior hemiblock and have V–A intervals of 150 msec. The third complex results in a normal axis but RBBB and has a V–A interval of 115 msec. The fourth and fifth complexes manifest complete LBBB with left axis deviation and have a V–A interval of 190 msec. The next two complexes have left anterior hemiblock, and the V–A interval returns to 150 msec. Finally, the last complex has a normal QRS and a normal axis and has a V–A interval of 115 msec, identical to that of the third QRS complex, which manifests RBBB and a normal



axis. See text for discussion. (From: Jazayeri MR, Caceres J, Tchou P, et al. Electrophysiologic characteristics of sudden QRS axis deviation during orthodromic tachycardia: role of functional fascicular block in localization of accessory pathway. J Clin Invest 1989;83:952.)



FIG. 10-67. Mechanism by which RBBB during SVT using a right-sided bypass tract influences the V–A interval cycle length. A. SVT with RBBB has a longer cycle length and V–A conduction time than SVT with a normal QRS complex (425 and 180 msec vs. 350 and 105 msec, respectively). This phenomenon is diagnostic of a right-sided bypass tract. B. Schematic explanation. See text for discussion.



Direct Recording of Bypass Tract Potentials Recent observations suggest that one might be able to record electrical signals directly from the bypass tract using catheters ( 101,102,103 and 104). Although bypass tract potentials have been recorded using standard catheters more often from the right side of the heart ( Fig. 10-68), we have also recorded such potentials from left-sided bypass tracts using standard catheters positioned in the coronary sinus ( Fig. 10-69 and Fig. 10-70). Jackman et al. (104) suggested that an orthogonal catheter electrode array might facilitate recording bypass tract potentials from the left side of the heart and believes that, by using this technique, one can routinely record bypass tract potentials. The technique has several limitations, however. Validation that the “spike” that is recorded between atrium and ventricle is indeed due to activation over a bypass tract is required. Bypass tract potentials should be manifested as a sharp spike 10 to 30 msec before the onset of the delta wave during antegrade recordings. Validation that the spike is indeed recording bypass tract potentials and not a component of atrial and/or ventricular electrograms is critical and, in our opinion, has been lacking in many of the examples that have been reported. Thus, initially one must record a sharp rapid deflection between the atrial and ventricular electrograms at the earliest site of retrograde atrial activation during reciprocating tachycardia, right ventricular pacing, as well as during sinus rhythm. In order to exclude that this sharp deflection is really a component of the ventricular electrogram requires that it disappear with premature ventricular stimulation without affecting the remaining ventricular electrogram or the QRS complex, with simultaneous disappearance of the atrial activation. Proof that the electrogram is not part of the atrial electrogram requires its persistence with elimination of the atrial electrogram during retrograde block. Both criteria should be met; however, in most reported cases, validation has not been attempted or satisfactorily accomplished. Recently Niebauer et al. ( 105) evaluated the pacing maneuvers proposed to validate an anterograde accessory pathway potential ( Fig. 10-71, Fig. 10-72, Fig. 10-73, Fig. 10-74 and Fig. 10-75). They used atrial electrograms that simulated accessory pathway potentials (i.e., atrial electrograms maifesting split potentials separated by at least 30 msec) and assessed their response to atrial and ventricular extrastimuli. All but one of the proposed criteria were seen in response to atrial and ventricular stimulation. The only observation they never made was block between the first and second components of the atrial electrogram simulating block between the atrium and the bypass tract. This latter observation has never been convincingly demonstrated in our laboratory. Although bypass tract recordings can be obtained and may serve as a marker for a catheter ablation of the bypass tracts, proof that the electrical signal interpreted as a bypass tract potential is a bypass tract potential, in my opinion, is rarely achieved. Most often it is not possible to distinguish a component of the atrial or ventricular electrogram from a bypass tract potential.



FIG. 10-68. Recording a right sided bypass tract potential. Leads II, III, and V1 are shown with electrograms from the HRA, HBE, and bipolar and unipolar (tip) recordings from the medial tricuspid annulus (Med T.A.) between the os of the coronary sinus and the HBE. Note the sharp spike of the bypass tract potential is observed on the unipolar and bipolar signals and precedes the local ventricular electrogram and the delta wave.



FIG. 10-69. Recording of a left-sided bypass tract potential during sinus rhythm. CS bipolar and unipolar recordings demonstrate a sharp spike, which represents a bypass tract (BT) potential, which appears 20 msec before the delta wave. This was recorded with a standard quadripolar catheter with electrodes spaced at 5 mm. CSd-bi = distal bipolar CS; CS p-bi = proximal bipolar CS; CS d-uni = distal unipolar CS.



FIG. 10-70. Recording of a bypass tract potential during sinus rhythm, right ventricular pacing, and SVT. Bipolar recordings from the midposterior CS (CS 6/6–8) demonstrated a spike coincident with the onset of the delta wave during sinus rhythm. A similar sharp electrogram was observed between ventricular and atrial activation during right ventricular pacing and during SVT. This is consistent with that signal being a recording of a left posterior bypass tract which was located in a coronary sinus diverticulum.



FIG. 10-71. Evaluation of methods used validate the presence of an anterograde bypass tract potential . Schema of pacing maneuvers to prove a signal is a bypass tract potential using the second component of a split atrial electrogram to mimic a bypass tract potential. Criterion 1(A) = an atrial extrastimulus (S2) that blocks between the atrial electrogram (A) and the presumed accessory pathway potential (APP). Criterion 2(B) = advancement of the presumed APP by a ventricular extrastimulus (S2). Criterion 3(C) = an atrial extrasimulis (S2) that blocks between the APP and the ventricle (V). Criterion 4(D) = a ventricular extrastimulus (S2) that advances the V without affecting the atrial electrogram or presumed APP. (From: Niebauer MJ, Daoud E, Goyal R, et al. Assessment of pacing maneuvers used to validate anterograde accesory pathway potentials. J Cardiovasc Electrophysiol 1995;6:350–356.)



FIG. 10-72. Evaluation of Criterion 1. ECG leads V1, I, and II are shown with two electrograms from the HRA, the top showing a split atrial electrogram and the bottom from the pacing site. During atrial pacing the atrial electrogram is (A and A') with an isoelectric interval of 35 msec. The shortest coupled atrial extrastimulus that captured produced an increase in A–A' to 80 msec. Complete block between A and A' was never observed in this or any other patient. (From: Niebauer MJ, Daoud E, Goyal R, et al. Assessment of pacing maneuvers used to validate anterograde accesory pathway potentials. J Cardiovasc Electrophysiol 1995;6:350–356.)



FIG. 10-73. Evaluation of Criterion 2. Surface leads V 1, I, II, and III are shown with two electrograms from the HRA; the top from the atrial pacing site and the bottom from a nearby site with a split atrial electrogram (A and A'). An RV electrogram is also shown. During atrial pacing at 655 msec a ventricular extrastimulus is delivered (SV), which advances A' (the presumed accessory pathway potential) by 35 msec without affecting A. See text for discussion. (From: Niebauer MJ, Daoud E, Goyal R, et al. Assessment of pacing maneuvers used to validate anterograde accesory pathway potentials. J Cardiovasc Electro-physiol 1995;6:350–356.)



FIG. 10-74. Evaluation of Criterion 3. ECG leads V1, I, and II are shown with a split atrial electrogram from the HRA and an HBE. During atrial pacing (S 1–S1) at a cycle length of 500 msec an atrial extrastimulus (S2) was delivered, which depolarizes both components of the split electrogram mimicking block between the accessory



pathway and the ventricle. (From: Niebauer MJ, Daoud E, Goyal R, et al. Assessment of pacing maneuvers used to validate anterograde accesory pathway potentials. J Cardiovasc Electrophysiol 1995;6:350–356.)



FIG. 10-75. Evaluation of criterion 4. Lead II and a split atrial electrogram from the HRA are shown with an RV electrogram . During sinus rhythm an extrastimulus from the RV is delivered, which advances the RV by 25 msec without affecting the second component of the atrial electrogram, thus mimicking dissociation of the ventricle from the simulated accessory pathway. See text for discussion. (From: Niebauer MJ, Daoud E, Goyal R, et al. Assessment of pacing maneuvers used to validate anterograde accesory pathway potentials. J Cardiovasc Electrophysiol 1995;6:350–356.)



Role of the Bypass Tract in Genesis of Arrhythmias The most common arrhythmia in patients with A–V bypass tracts is circus movement tachycardia using a bypass tract, most commonly in the retrograde direction (i.e., orthodromic tachycardia). However, there is no a priori reason that a patient with an antegradely functioning bypass tract must use that pathway during SVT. Because the presence of an A–V bypass tract does not confer on that patient immunity from other arrhythmias, patients with WPW are no less susceptible to other forms of arrhythmias. Therefore, demonstration that the bypass tract plays a critical role in the genesis of the arrhythmia is imperative and is essential for appropriate therapy, especially surgery or catheter ablation. As noted earlier, atrial fibrillation is a common rhythm in patients with the WPW syndrome, and in two-thirds of the cases, it appears to be related to the circus movement tachycardia; hence, its cure is possible with surgical ablation of the bypass tract. If the propensity to develop atrial fibrillation was based solely on primary intra-atrial pathophysiology, ablation of the bypass tract could cure circus movement tachycardia but would fail to prevent recurrences of atrial fibrillation. Not enough long-term follow-up is available to test this hypothesis. (This is discussed previously and in Chap. 9.) Atrial tachycardia must be distinguished from antidromic tachycardia, or more accurately, “preexcited circus movement tachycardia.” The problems in identifying and characterizing preexcited tachycardias have been discussed previously and include the difficulty in recording antegrade and retrograde His bundle potentials and the frequent occurrence of multiple bypass tracts. Because orthodromic SVT is the most common arrhythmia associated with the WPW syndrome and usually has a normal QRS complex or one with typical characteristics of aberration, one must distinguish this mechanism of SVT from the other potential mechanisms of SVTs with a normal QRS described in Chapter 8, the most common and difficult of which is A–V nodal reentrant SVT. The methods of demonstrating participation of an A–V bypass tract during SVT have been described in detail in Chapter 8 and earlier in this chapter. The conditions indicating the presence of a bypass tract are well described ( 33,34,96,97 and 98,106) and include: 1. Eccentric atrial activation during SVT (see Fig. 10-44, Fig. 10-47, Fig. 10-48, Fig. 10-49, Fig. 10-50 and Fig. 10-51) with the retrograde activation pattern during SVT identical to that during rapid ventricular pacing ( Fig. 10-67) 2. Association of prolongation of the H–V interval during SVT with a prolonged H–A interval and increased cycle length 3. Prolongation of V–A conduction >35 msec, with or without a change in SVT cycle length, associated with the development of bundle branch block ipsilateral to the bypass tract (Fig. 10-59, Fig. 10-61, Fig. 10-66) or during a right ventricular stimulation in the presence of a left free wall bypass tract ( Fig. 10-76) (98)



FIG. 10-76. Eccentric atrial activation sequence during SVT, and ventricular pacing. Antegrade activation over a left lateral bypass tract is shown on the left, with the earliest ventricular activation in the (CS d). The atrial activation sequence during SVT and ventricular pacing are identical, but the V–A interval is prolonged during right ventricular pacing. This is analogous to the effect of LBBB, which demonstrates that the ventricle is an essential component of the tachycardia circuit. See text for discussion. V PACE = ventricular pacing.



4. The inability to initiate and/or sustain SVT in the presence of A–V block ( Fig. 10-77)



FIG. 10-77. Effect of A–V block on the ability to initiate reentry. On the left, an APD (S, arrow, A2) delivered at a coupling interval of 310 msec blocks in the bypass tract and conducts down the normal A–V conduction system, with an A–H of 300 msec to produce a normal QRS complex. The amount of A–V delay allows the bypass tract to recover and an atrial echo (Ae) results from retrograde conduction over the bypass tract. The next sinus complex is followed by an APD delivered at an identical coupling interval. That impulse conducts slowly through the A–V node (A–H 300 msec) but blocks below the recorded His bundle deflection. No echo results despite an identical A–H interval as the first APD. Thus, the ventricle is a requisite component of the reentrant circuit. See text for discussion.



5. The ability to preexcite the atrium during SVT when the His bundle has been depolarized and is therefore refractory to the retrograde impulse ( Fig. 10-78), or the depolarization of the atria by a VPD delivered during ventricular pacing before retrograde activation of the His bundle ( Fig. 10-55)



FIG. 10-78. Use of ventricular stimulation to diagnose a posteroseptal bypass tract during orthodromic tachycardia. Orthodromic tachycardia is present with a “normal” atrial activation sequence. A ventricular extrastimulus introduced from the RVA at a coupling interval of 260 msec preexcites the atrium when the His bundle is refractory with the same atrial activation sequence as that noted during orthodromic tachycardia. This early activation of the atrium then resets the tachycardia with a longer A–H and a delay in the return cycle. The ability to preexcite the atria when the His bundle is refractory with the same atrial activation sequence as seen during the orthodromic tachycardia confirms the presence of functioning posteroseptal bypass tract.



6. Termination or delay of orthodromic tachycardia in the absence of atrial activation by a VPD delivered when the His bundle is refractory to retrograde activation (Fig. 10-79)



FIG. 10-79. Termination of SVT by a VPD delivered after antegrade activation to the His bundle. Orthodromic tachycardia with LBBB aberration using a left-sided bypass tract is terminated by a ventricular extrastimulus delivered simultaneously with antegrade His bundle activation. The tachycardia terminates by retrograde block in the bypass tract when the His is refractory. This confirms the necessary participation of the bypass tract in the tachycardia circuit. See text for discussion.



Obviously the ability to preexcite the atrium when the His bundle is refractory requires that the VPD reach the bypass tract prior to the time it would be activated over the normal conducting system. Thus, during rapid tachycardias, a single right ventricular stimulus might not reach a left lateral bypass tract in time to preexcite the atrium. In such instances two extrastimuli are required to demonstrate this phenomenon. This is shown in Figure 10-80, in which the first of two ventricular extrastimuli fails to affect retrograde atrial activation while the second can terminate the tachycardia. (This phenomenon was also discussed in Chap. 8.) The tachycardia cycle length and the site of the ventricular extrastimulus with respect to the bypass tract markedly influence the ability of the ventricular extrastimulus to preexcite the atrium (107,108). Another observation that may be seen when ventricular stimulation is carried out at a site closer to the insertion of the bypass tract than the initial site of activation of the ventricles is the so-called “paradoxic capture.” That is, if a right ventricular extrastimulus is delivered during an orthodromic tachycardia using a right free wall bypass tract, the V–A interval associated with atrial preexcitation will be shorter than that during the tachycardia. This occurs because the earliest site of ventricular activation during a normal QRS complex is the left side of the septum, which is farther from the bypass tract than the right ventricular stimulus. This is even more evident if right bundle branch block is present ( Fig. 10-81).



FIG. 10-80. Requirement of two ventricular extrastimuli to terminate orthodromic tachycardia using a left lateral bypass tract. Orthodromic tachycardia using a left lateral bypass tract, with earliest activity in the bipolar coronary sinus (CS bi 1–2) and unipolar coronary sinus (CS uni 1) is present in the first two complexes. The first ventricular extrastimulus fails to affect the tachycardia with the antegrade His and retrograde atrial activation over the bypass tract being unaltered. The second extrastimulus, which is introduced earlier in the cardiac cycle, conducts over the bypass tract retrogradely. The premature atrial excitation results in antegrade block in the node. The inability of a right ventricular extrastimulus to affect circus movement tachycardia demonstrates the lack of requirement of the right ventricle in tachycardias using a left-sided bypass tract. See text for discussion.



FIG. 10-81. Ventricular extrastimulus producing a paradoxical atrial capture during ortho-dromic tachycardia. Orthodromic tachycardia using a right anterior paraseptal bypass tract is present with RBBB aberration. During the tachycardia, the V–A in-terval is 138 msec. A ventricular extrastimulus delivered from the right ventricle after the His bundle has been depolarized antegradely can preexcite the atrium using the right anterior paraseptal bypass tract. Because the right ventricle is closer to the bypass tract than the site of initial ventricular activation in the left ventricle during RBBB, the V–A interval is shorter (107 msec) than it is during orthodromic



tachycardia. See text for discussion.



Only conditions 2, 3, 4, and 6 absolutely demonstrate participation of the bypass tract in the reentrant circuit, because they demonstrate requirement of the ventricle in the tachycardia circuit. Condition 5 (atrial preexcitation) is compatible with the presence of a bypass tract if the atrial activation sequence of the preexcited atrial activation is identical to that of the atrial activation sequence seen during tachycardia. Although this supports the involvement of a bypass tract in the reentrant circuit, atrial tachycardia or intra-atrial reentry conceivably could occur at the site of the atrial insertion of the bypass tract. Then, retrograde atrial activation during ventricular preexcitation would look identical to that of the atrial tachycardia. This fortuitous situation must be very unlikely. Condition 1 is compatible with the presence of a bypass tract but does not demonstrate its requirement to maintain the tachycardia, because it is theoretically possible, although highly unlikely, that retrograde atrial activation over a bypass tract may be an unrelated epiphenomenon to another tachycardia mechanism. For example, we have seen ventricular tachycardia with retrograde atrial activation over a bypass tract. In this instance, ventricular tachycardia certainly does not require the bypass tract for its persistence. These are theoretical possibilities; however, in the vast majority of cases, all the conditions mentioned are useful in diagnosing the presence of a bypass tract. Comparison of H–A intervals during ventricular pacing and SVT as well as V–A intervals during pacing from the RV apex and inflow tract have been discussed in Chapter 8 and earlier in this chapter as a means to further distinguish septal bypass tracts from A–V nodal reentry when none of the preceding six criteria are fulfilled. As noted earlier, the most common rhythm associated with a regular preexcited tachycardia is atrial flutter ( 35). Whether or not conduction proceeds over the bypass tract is obvious by the appearance of a typical preexcited complex. Usually, there are runs of total preexcitation and/or runs of normal ventricular activation ( Fig. 10-82). Typically, atrial flutter may be preexcited with either 1:1 or 2:1 conduction. If block in the bypass tract occurs and conduction proceeds over the normal system, repetitive antegrade and retrograde concealment into the bypass tract frequently occur, which maintains a normal QRS for some period. The same is true of atrial fibrillation. Obviously, in these instances, the bypass tract is used only passively during anterograde conduction during fibrillation or flutter. Retrograde activation of the atrium over the bypass tract during normal anterograde conduction has been observed and may contribute to perpetuation of atrial fibrillation as well as anterograde conduction over the normal conduction system ( 109). Atrial tachycardia is more difficult to distinguish from preexcited circus movement tachycardias. Resetting or termination of the tachycardia by ventricular stimulation, or the demonstration of resetting with atrial fusion by atrial stimulation, exclude a focal tachycardia. The latter phenomenon, particularly when stimulation is performed from the atrium opposite that demonstrating earliest activation, suggests the presence of a macro-reentrant circuit associated with antegrade conduction over one bypass tract and retrograde conduction over another bypass tract, one of the more common mechanisms of preexcited circus movement tachycardias (Fig. 10-83).



FIG. 10-82. Atrial flutter demonstrating antegrade conduction over the bypass tract. During atrial flutter, antegrade conduction usually occurs over the bypass tract, resulting in marked preexcitation (first six complexes). When conduction proceeds over the normal pathway (last three complexes), the ventricular response is usually slower because of a higher degree of concealment without block in the A–V node than in the bypass tract, which tends to function in an all-or-nothing fashion.



FIG. 10-83. Resetting of a preexcited tachycardia to prove it is a circus movement tachycardia. A preexcited tachycardia using a left lateral bypass tract antegradely and a right free wall bypass tract retrogradely is shown. Atrial extrastimuli from the CS are delivered, the second of which resets the tachycardia without influencing atrial activation in the RA or His bundle (i.e., atrial fusion is present). This S 2 produces an exact capture of the ventricles with antegrade conduction over the bypass tract and retrograde atrial activation equal to the exact capture of the ventricle. This proves that the ventricle is responsible for atrial activation. This excludes an atrial tachycardia and confirms the diagnosis of preexcited circus movement tachycardia using two bypass tracts. See text for discussion. RA d = distal; RAp = proximal RA.



Determination of the Antegrade Refractory Period of the Bypass Tract It has been well established that ventricular fibrillation and sudden death can occur in patients with the WPW syndrome when atrial fibrillation occurs, which subsequently can degenerate to ventricular fibrillation ( 33,34,39,40,70). In general, the antegrade refractory period of the bypass tract correlates with the ventricular response rate over the bypass tract ( 39,60,70,110). Thus, evaluating the antegrade effective refractory period of the bypass tract may provide information relative to the life-threatening potential for atrial arrhythmias. Factors associated with atrial fibrillation-induced ventricular fibrillation include male gender, septal location of the bypass tract, short refractory period of the bypass tract (shortest R-R 


long effective refractory period, long cycle lengths maintaining 1:1 conduction over the pathway antegradely, and prolonged preexcited R–R intervals during atrial fibrillation. This would therefore suggest a low risk for rapid rates during atrial fibrillation; however, occasional patients with intermittent preexcitation have been noted to have atrial fibrillation, with the shortest preexcited R–R interval being less than 250 msec ( 55,56). It is unclear from those cases demonstrating this apparent paradox whether or not preexcitation was intermittently present because of differences in autonomic tone or because of the presence of phase 4 block during baseline. In all patients, the response to atrial fibrillation is governed by the degree of shortening of the refractory period of the bypass tract by the high rate of impulses in depolarizing the bypass tract, the degree of antegrade decremental conduction and concealed conduction in the bypass tract, and the effects of accompanying sympathetic tone on shortening the refractory period of both the bypass tract and the A–V node. In our experience, patients who truly have intermittent preexcitation (i.e., on the same tracing) rarely develop life-threatening responses during atrial fibrillation, particularly when the arrhythmia is not associated with enhanced sympathetic tone. Even in the presence of exercise, life-threatening responses in these patients remain a rare event. These patients also commonly exhibit block in the bypass tract during exercise (see following discussion). The patients with alleged intermittent preexcitation who have been reported to develop a rapid ventricular response during atrial fibrillation usually showed marked catecholamine enhancement of conduction over both the bypass tract and the A–V node, but they rarely demonstrated intermittent preexcitation on the same electrocardiogram ( 55,56,114). The degree to which catecholamines can influence bypass tract refractoriness is remarkable ( 117); they can even produce life-threatening ventricular responses in patients with relatively prolonged refractory periods in the baseline state. However, if one compares a group of patients with intermittent preexcitation on the same tracing with those showing persistent preexcitation or inapparent preexcitation, the ventricular response during induced atrial fibrillation, even during isoproterenol administration, is slower in patients with intermittent preexcitation. Thus, our experience parallels that of Wellens and Brugada ( 34); intermittent preexcitation (sudden loss of delta wave with prolongation of the P–R interval) is an indication of prolonged refractoriness over the bypass tract and relative low risk for the development of life-threatening ventricular responses during atrial fibrillation. An example of such a patient is shown in Figure 10-84.



FIG. 10-84. Intermittent preexcitation. Four consecutive sinus complexes are shown. All have an A–H interval of 115 msec. The first two complexes have a normal QRS because conduction proceeds over the normal A–V conducting system; the H–V is normal at 45 msec. The last two complexes manifest preexcitation with delta waves occurring simultaneous with the His bundle deflection. See text for discussion.



Inapparent and intermittent preexcitation may be distinguished by carotid sinus massage or administration of verapamil or adenosine to prolong A–V conduction; both methods result in the appearance of preexcitation. This should not be considered intermittent preexcitation. More accurately, it should be described as inapparent or a latent preexcitation. These patients may, in fact, develop life-threatening responses, and the inappropriate inclusion of these patients in a series of patients with alleged intermittent preexcitation has probably been responsible for the imperfect correlation between “intermittent preexcitation” and slow ventricular responses during atrial fibrillation. Caution should be used if adenosine is administered since it can cause atrial fibrillation. Effect of Antiarrhythmic Agents on Preexcitation Wellens et al. ( 111,112) and Brugada et al. ( 113) demonstrated that ajmaline, procainamide, and amiodarone may produce block in the bypass tract in patients who have relatively long refractory periods of the bypass tract (i.e., >270 msec). These investigators also demonstrated the importance of the initial refractory period of the bypass tract as a determinant for drug responsiveness: The shorter the refractory period of the bypass tract, the less likely that block in the bypass tract can be achieved by antiarrhythmic agents ( 118). However, although antegrade block may be produced in patients with relatively long antegrade refractory periods, this in no way reflects a similar effect on retrograde refractory periods. Thus, patients with production of antegrade block in their bypass tract by any of these antiarrhythmic agents may still have readily inducible circus movement tachycardia ( Fig. 10-85). Others, however, contend that block in the bypass tract by antiarrhythmic agents does not accurately identify patients who are incapable of manifesting life-threatening ventricular responses during atrial fibrillation ( 117,119). Some of this discrepancy is related to patient selection, while an additional explanation may be related to mode of administration of procainamide. Wellens et al. ( 111,112) delivered the agent directly into a central vein more rapidly than other investigators. Of interest, despite the fact that Fananapazir et al. ( 119) regard the procainamide test as inadequate, the p-value for the effect of procainamide on the antegrade effective refractory period and its relationship to the shortest R–R interval during atrial fibrillation was significant at p 


FIG. 10-85. Induction of antegrade block in the bypass tract with procainamide. A. Four sinus complexes following the administration of 1 g of procainamide intravenously. The first two complexes demonstrate obvious preexcitation. Following the procainamide, sudden loss of delta wave and preexcitation occur, and the last two complexes show normal activation over the His-Purkinje system. Although antegrade block in the bypass tract suggests a long antegrade refractory period of the bypass tract and a slower ventricular response during atrial fibrillation, it does not predict the ability to induce SVT. B. This is demonstrated in B where, following antegrade block in the bypass tract, orthodromic tachycardia is induced by a single atrial premature impulse. See text for discussion. HR = High right atrium.



In our laboratory, we have found that block in the bypass tract by drugs has almost always been observed in patients with baseline antegrade effective refractory periods that exceeded 300 msec. These findings were true regardless of the class of antiarrhythmic agent used (i.e., Class 1 [e.g., procainamide], Class 3 [e.g., ibutilide], or amiodarone). In our experience, the major limitation of this test is the relatively small number of patients in whom block does occur; thus, the test appears to have a good predictive value for prolonged effective refractory periods, but its sensitivity and specificity are not great. Differences in patient population are most likely responsible for the low sensitivity in our patients. Nevertheless, it is my impression that antegrade block in the bypass tract produced by an antiarrhythmic agent correlates with a relatively prolonged antegrade refractory period and relatively long minimal preexcited R–R interval during atrial fibrillation. It therefore remains a reasonably good indicator of a relatively low-risk patient. Conversely, in our experience, failure to produce block in the bypass tract has not been a good predictor for those at risk of developing rapid ventricular responses during atrial fibrillation. The implications of our inability to predict a short antegrade effective refractory period and rapid ventricular response during induced atrial fibrillation are discussed later. In general, identifying a patient who is unlikely to develop a rapid ventricular response is valuable and is the object of this test. The ability to predict a patient at high risk is moot (see following discussion).



Exercise Testing in Wolff-Parkinson-White Syndrome Block in the accessory pathway during exercise has been reported to be associated with a prolonged refractory period of the bypass tract ( 114,115 and 116). This is consistent with our own experience. All our patients who demonstrated block in the bypass tract during exercise had refractory periods exceeding 300 msec. Other investigators suggest that occasional discrepancies occur, and that some patients who have block in the bypass tract during exercise may have rapid ventricular responses during atrial fibrillation ( 55,117). If one carefully analyzes the reported discrepancies, however, two points must be made: (a) The mean ventricular response during atrial fibrillation in these patients was relatively long, approximating 300 msec, and only occasional complexes had short R–R intervals, which suggests that, in these particular patients, the rhythm may not have in fact been life threatening; (b) Block in the bypass tract was not truly block in the bypass tract but was “pseudo”-normalization that was due to enhanced A–V nodal conduction. To document block in the bypass tract, one needs to record all 12 leads and demonstrate a sudden loss of the delta wave, which is associated with an increase in the P–R interval. In many cases reported to demonstrate block on exercise, these criteria have not been met. It is not surprising, however, that in rare cases, life-threatening responses occur in such patients. It is known that catecholamines can markedly shorten the refractory period of the bypass tract ( 120) so that marked enhancement of catecholamine output during severe stress may override the “apparent” refractory period manifested by block in the bypass tract at lesser exercise stresses. Nevertheless, it is my opinion that this is the best test because it yields a determinant of maximum 1:1 conduction over the bypass tract in the presence of catecholamines. Although there may be patients who manifest block in the bypass tract during exercise but who demonstrate a short R–R interval (300 msec, persistently short R–R intervals are uncommon, and occasional normalization of the QRS may be observed. Despite the fact that outlyers may occasionally demonstrate very short R–R intervals during induced atrial fibrillation, it is highly unlikely that this signifies a life-threatening response, because the mean ventricular response usually is in the order of 300 msec, a value not too different from patients with atrial fibrillation who do not develop ventricular fibrillation. Klein et al. ( 39) demonstrated many years ago that the shortest R–R interval and mean R–R intervals in patients with ventricular fibrillation evolving from atrial fibrillation were significantly shorter than in those patients who did not develop ventricular fibrillation. These investigators found that the mean shortest R–R interval in the group who developed ventricular fibrillation was 180 ± 29 msec, with a range of from 140 to 250 msec, which was significantly shorter than that in the control group of patients without ventricular fibrillation (240 ± 63 msec). Overlap was considerable, however, because in nearly half the patients in the control group, their shortest R–R interval was 300 msec and who failed to conduct 1:1 at cycle lengths 


FIG. 10-86. Effect of cycle length on antegrade refractory period of the bypass tract. Panels A, B, and C are arranged simultaneously. A. and B. Refractory period determinations are made at a drive cycle length (S 1–S1) of 600 msec. B. The effective refractory period (ERP) of the bypass tract is 250 msec. C. When the drive cycle length is shortened to 400 msec, antegrade conduction persists at shorter coupling intervals than ERP at the longer drive cycle lengths. See text for discussion.



The maximum rate at which 1:1 ventricular conduction proceeds over the bypass tract should be determined as well as the induction of atrial fibrillation for completeness (Fig. 10-87). The refractory period should be determined at the atrial site approximate to the insertion of the bypass tract to obviate the effect of intra-atrial conduction delay and to allow appropriate determination of the bypass tract. As noted, cycle length can influence the refractory period, and the refractory period determinations should therefore be performed at multiple cycle lengths, including at least one cycle length of 400 msec or less. Not only is the absolute value of the refractory period useful, but the ability of the decreasing cycle length to cause a decrease in the refractory period of the bypass tract is also important. We have found that patients in whom the refractory period of the bypass tract does not significantly decrease when determined at decreasing cycle lengths have slower ventricular responses during atrial fibrillation than those patients in whom the effective refractory period of the bypass tract shortens with shortening of the paced cycle length. Because catecholamines can markedly influence the effective refractory period of the bypass tract, and thus the ventricular response during atrial fibrillation, some investigators suggest performing programmed stimulation (i.e., determining the effective refractory period of the bypass tract, the maximum rate of 1:1 conduction over the bypass tract, and the shortest R–R interval and mean R–R interval during induced atrial fibrillation) following isoproterenol. In our experience, the use of isoproterenol to achieve sinus acceleration of 25% can produce marked shortening of the refractory period, and can increase in the ventricular response during atrial fibrillation so much, that most patients in whom atrial fibrillation is induced can manifest potentially life-threatening responses. Thus, the ability to interpret the results is limited. The effect of antiarrhythmic agents on these electrophysiologic parameters should also be investigated, particularly if pharmacologic therapy will be used. It is important to recognize that a drug's ability to prolong the anterograde effective refractory period of the bypass tract may in fact potentiate the ability to develop circus movement tachycardia despite the fact that the potential for a life-threatening response during atrial fibrillation will be eliminated. Thus, to evaluate drugs, one must consider their effects on both the potential for life-threatening responses during atrial fibrillation and the development of SVT (see following discussion).



FIG. 10-87. Determining the potential for rapid ventricular responses by atrial pacing and elective conduction of atrial fibrillation. Top: Atrial pacing at a cycle length of 220 msec results in 1:1 conduction over the bypass tract. Bottom: Atrial fibrillation is induced but the fastest ventricular response is 230 msec. Thus, repetitive concealment in the bypass tract during atrial fibrillation causes a slower ventricular response than would atrial flutter at a cycle length of 220 msec.



Although significant efforts have been made to determine the potential for developing a life-threatening ventricular response during atrial fibrillation, we are best at demonstrating those patients who are unlikely to develop ventricular fibrillation. Those patients who have prolonged refractory periods—as determined by the presence of intermittent preexcitation and block in the bypass tract during exercise or following antiarrhythmic drug administration, or determined to exceed 300 msec—are unlikely to develop cardiac arrest. The converse has not been demonstrated. That is, in a population of asymptomatic patients, a short refractory period of the bypass tract, a shortest R–R interval 240 msec and followed them for more than 20 years. The incidence of sudden death in these groups did not differ. Only 2 patients in both groups died suddenly, and in only 1 patient in each group did atrial fibrillation seem a likely cause. Thus, the overwhelming evidence suggests that one cannot use the antegrade effective refractory period measurements to predict patients at risk for development of sudden death. It also does not appear that the use of the ventricular response during induced atrial fibrillation, particularly in asymptomatic patients, is useful. It is my personal bias that regardless of the presence or absence of symptoms, these measurements are poor predictors of patients at risk. Patients with syncope do not have distinct clinical or electrophysiologic features that differ from patients who never develop life-threatening arrhythmias ( 123). Thus, I believe that we cannot predict patients at high risk for sudden death but we are able to select patients at low risk for sudden death. This is useful because it has implications for lifestyle recommendation for these patients. The widespread use of electrophysiologic studies to predict patients who are likely to die, and therefore have limitations placed on their life-style, seems totally unjustified at this point. The only things we can do are (a) assure people who are totally asymptomatic that they are unlikely to experience sudden cardiac death and, if less than 30 years old, are likely to remain asymptomatic regardless of their effective refractory periods and (b) reassure those patients who have prolonged refractory periods as assessed by any method that they are extremely unlikely to develop ventricular fibrillation regardless of whether symptoms are present or not. Termination of Orthodromic Tachycardia Because the reentrant circuit in orthodromic tachycardia is large and incorporates both the atrium and ventricles, premature stimuli from either chamber can almost always penetrate the circuit, even during tachycardias with rapid rates. More rapid rates may necessitate the introduction of multiple electrical stimuli to reach either the normal A–V conducting system or the bypass tract during its refractory state. Thus, in most tachycardias with cycle lengths exceeding 300 msec, single atrial and/or ventricular extrastimuli can terminate the arrhythmia ( Fig. 10-88). Termination of a supraventricular arrhythmia by a ventricular premature beat in and of itself should suggest the presence of a bypass tract. The faster the rate, and the farther the extrastimulus is from the site of the bypass tract, the more premature or the greater the number of stimuli required to terminate the arrhythmia. Thus, in patients with right-sided or septal bypass tracts, single premature stimuli from the right atrium or the right ventricle will almost always terminate tachycardias at cycle lengths >300 msec. Ventricular extrastimuli then can result in termination of the tachycardia even when delivered when the His bundle is refractory ( Fig. 10-88, also see Fig. 10-79). The most common mechanism of termination is by antegrade block in the A–V node. The response to ventricular extrastimuli, however, can vary greatly, depending on the coupling interval and number of ventricular extrastimuli needed. Thus, ventricular extrastimuli can terminate the tachycardia by (a) blocking retrogradely in the bypass tract; (b) conducting retrogradely up the normal A–V conducting system, with or without retrograde conduction up the bypass tract; or (c) retrograde conduction over the bypass tract with subsequent antegrade block in the A–V node, or occasionally below the His bundle ( Fig. 10-89). Whereas orthodromic tachycardias can be reset and/or entrained by atrial or ventricular pacing, termination requires block in either the bypass tract or the A–V conducting system ( 33,34,124,125).



FIG. 10-88. Termination of orthodromic tachycardia by atrial and ventricular stimuli. A. and B. Orthodromic tachycardia using a posteroseptal bypass tract is shown. A. A single atrial stimulus terminates the tachycardia by blocking in the A–V node. B. A ventricular extrastimulus preexcites the atrium with an activation sequence identical to that during SVT without disturbing the antegrade His bundle. This confirms the presence of a functioning bypass tract. The tachycardia is terminated when the early atrial impulse attempts to return to the ventricle but blocks antegradely in the A–V node.



FIG. 10-89. Multiple mechanisms of termination of orthodromic tachycardia by ventricular stimulation. Panels A, B, and C demonstrate orthodromic circus movement tachycardia using a left-sided bypass tract, each of which is terminated by ventricular extrastimuli. A. The first of three ventricular extrastimuli blocks retrogradely in the bypass tract and collides with the impulse in the normal His-Purkinje system. The second conducts up both the bypass tract and the His-Purkinje system. The third



extrastimulus blocks retrogradely in both the bypass tract and the His-Purkinje system. B. The first extrastimulus, which is delivered when the His bundle is refractory, blocks in the bypass tract. The second extrastimulus conducts solely over the bypass tract. The third extrastimulus blocks in the bypass tract and conducts retrogradely up the normal A–V conducting system to depolarize the atrium and terminate the tachycardia. C. The first extrastimulus is delivered while the His bundle is refractory and preexcites the atrium. The second extrastimulus blocks in the bypass tract, conducts up the His-Purkinje system, blocks in the node, and terminates the tachycardia.



Multiple Bypass Tracts Because A–V bypass tracts appear to be a congenital abnormality that is due to developmental defects in the A–V rings, it is not surprising that multiple A–V bypass tracts can be present in the same patient. These multiple bypass tracts may or may not be apparent, and their detection often requires (a) the use of detailed atrial mapping during programmed stimulation, during SVT in the catheterization laboratory, or during surgery; (b) the elimination of an apparent bypass tract by surgery, catheter ablation, or by pharmacologic agents; and/or (c) mapping of ventricular activation during pacing from both the right and left atrium ( 37,126,127,128,129,130 and 131). During use of these techniques, the incidence of multiple bypass tracts ranges from 10% to 30% ( 33,36,128). The highest incidence of multiple bypass tracts is from our laboratory. In the preablation era we recognized nearly one-third of the bypass tracts, unsuspected during the preoperative electrophysiology study, at the time of surgery. The wide range of incidence in multiple bypass tracts probably stems from differences in patient populations and methodological differences in determining the presence of such bypass tracts. The incidence of multiple bypass tracts is higher in patients with antidromic tachycardia ( 33,34,36,37,128), in patients in whom atrial fibrillation results in ventricular fibrillation ( 39), and in patients with Ebstein's anomaly (33,37). Electrocardiographic observations and findings during electrophysiologic studies that demonstrate the presence of multiple bypass tracts include (a) changing antegrade delta waves; (b) evidence of multiple routes of retrograde atrial activation; (c) orthodromic SVT with intermittent antegrade fusion (i.e., preexcited) complexes; (d) preexcited circus movement tachycardias, particulary if antegrade activation proceeds over a posteroseptal bypass tract and/or the tachycardia is slower than that of orthodromic tachycardia in the same patient; (e) atypical patterns of preexcitation; and (f) evidence of mismatch of antegrade preexcitation and the site of retrograde atrial activation observed during orthodromic SVT (Table 10-9).



TABLE 10-9. Evidence of Multiple Bypass Tracts



The observation of changing antegrade delta waves—that is, changing patterns of preexcitation—is uncommon during sinus rhythm. Therefore, it was fortuitous that the first person I studied with WPW syndrome manifested two forms of preexcitation during sinus rhythm ( Fig. 10-90) (126). Occasionally, following the use of Type I agents or amiodarone, block in one accessory pathway can lead to manifestation of antegrade conduction over a second accessory pathway ( 34). Atrial fibrillation (either spontaneous or induced) may provide the opportunity to see different patterns of preexcitation, thereby allowing one to document the presence of multiple bypass tracts. This has been suggested as an indication for the deliberate induction of atrial fibrillation during an electrophysiologic study. Because aberration of the normal conducting system can occur during atrial fibrillation, it is imperative to carefully differentiate changing QRSs that are due to multiple bypass tracts from conduction over one bypass tract and over the normal conducting system with aberration. Because multiple bypass tracts are often located in the free walls of the right and left A–V grooves, the use of both right and left atrial pacing occasionally can document the presence of additional bypass tracts that are not manifested if only pacing from the one atrium is performed. This can be seen in Figure 10-91, where right atrial pacing produces ventricular activation over a right-sided bypass tract, and coronary sinus pacing produces ventricular activation over a left-sided bypass tract. In addition, the tachycardias initiated by stimulation at different sites can vary, resulting in two retrograde activation sequences, which document the presence of multiple bypass tracts (see following discussion).



FIG. 10-90. Alternating conduction over right- and left-sided bypass tracts. A.–C. Continuous ECGs demonstrate a change from antegrade activation over a left lateral bypass tract (first complex) to antegrade activation over a right lateral bypass tract (second complex). See text for discussion. (From: Josephson ME, Caracta AR, Lau SH. Alternating type A and type B Wolff-Parkinson-White syndrome. Am Heart J 1974;87:363.)



FIG. 10-91. Effect of site of pacing on antegrade conduction over different bypass tracts. A. During right atrial pacing, antegrade activation occurs over a right lateral bypass tract. When an extrastimulus (S 2) is delivered from the HRA it blocks in the right-sided bypass tract and conducts over a left-sided bypass tract, which initiates an echo beat over the right-sided bypass tract. This atrial echo initiates orthodromic tachycardia with simultaneous retrograde atrial activation over both the left- and right-sided bypass tracts. B. Coronary sinus pacing produces antegrade activation over a left lateral bypass tract. A premature stimulus (S 2) blocks in the left-sided bypass tract and conducts over a right lateral bypass tract, initiating an atrial echo over the left lateral bypass tract. This echo initiates orthodromic tachycardia with conduction antegradely over the normal conducting system and retrograde conduction over both the left lateral and right-sided bypass tracts. The fact that the



right-sided bypass tract is used is suggested by the difference in retrograde atrial activation when conduction proceeds solely over the left-sided bypass tract following antegrade conduction over the right-sided bypass tract ( arrow) in the last three complexes. HRAd = distal HRA; HRAp = proximal HRA. (Adapted from: Heddle WF, Brugada P, Wellens HJJ. Multiple circus movement tachycardias with multiple accessory pathways. J Am Coll Cardiol 1984;4:166.)



The observation of multiple routes of retrograde atrial activation during SVT or ventricular pacing is an important clue to the presence of multiple bypass tracts. If a single bypass tract were present, the V–A interval should be fixed and the retrograde P-wave morphology constant during orthodromic tachycardia. If the V–A interval or P-wave morphology changes during orthodromic tachycardia, the presence of an additional bypass tract should be suspected. During the electrophysiology study, the presence of two distinct retrograde atrial activation patterns documents the presence of multiple bypass tracts and explains changing P-wave morphology and V–A intervals (see Fig. 10-91). In other cases, during orthodromic tachycardia, a single, fixed retrograde atrial activation pattern is observed in the presence of two or more bypass tracts. In this instance, additional bypass tracts can be recognized by the appearance of more than one atrial breakthrough site. This is demonstrated in Figure 10-92, where the earliest retrograde atrial activation occurs in the distal coronary sinus, compatible with a left lateral bypass tract. If only a single bypass tract was present, activation of the atrium in the A–V junction should follow atrial activation recorded at the os of the coronary sinus. In this instance, atrial activation in the His bundle recording precedes atrial activation of the os by 30 msec, suggesting a second pathway in the anterior septum.



FIG. 10-92. Demonstration of multiple bypass tracts with the presence of two breakthroughs of atrial activation. Orthodromic tachycardia is present with the earliest retrograde atrial activation seen in the CS d compatible with a left lateral bypass tract. In the HBE, however, atrial activation occurs earlier than expected ( arrow), preceding atrial activation from the CS os. If activation occurred solely over the left lateral bypass tract, atrial activation in the HBE would follow atrial activation in the CSos. The earlier activation at this site suggests two retrograde atrial breakthrough sites and two bypass tracts. See text for discussion.



Occasionally, multiple routes of retrograde atrial activation can be observed during the induction of a tachycardia by ventricular pacing. Analyzing the atrial activation sequence during ventricular pacing, during the ventricular extrastimulus that initiates SVT and during SVT, one often can observe that retrograde atrial activation during ventricular pacing is a fusion of activation over one or more bypass tracts and over the A–V node. With the introduction of a ventricular extrastimulus, retrograde activation may proceed over one bypass tract to initiate orthodromic tachycardia with retrograde conduction over an additional bypass tract ( Fig. 10-93). The site of ventricular pacing is critical because retrograde atrial activation will preferentially proceed over a bypass tract adjacent to the site of stimulation as long as that bypass tract is capable of retrograde conduction. On the other hand, a very early atrial extrastimulus may block in the bypass tract closest to the stimulus site and conduct over a bypass tract at a more distant site (see Fig. 10-91). In either case, the induction sequence provides another opportunity to compare retrograde atrial activation sequences.



FIG. 10-93. Demonstration of multiple retrograde activation sequences during ventricular stimulation. During ventricular pacing at a cycle length of 440 msec, a ventricular extrastimulus (S2) is delivered, which initiates SVT. During ventricular pacing, atrial activation in the HRA, CS p, HIS, and CSd are relatively simultaneous, suggesting a fusion complex. With S2, block occurs in a left-sided bypass tract, manifested by delayed activation of the CS electrogram. Retrograde conduction at this point proceeds over a right-sided bypass tract manifested A 2 being earliest in the HRA followed by atrial activation in the HBE and CS. With the induction of orthodromic tachycardia, however, earliest retrograde activation appeared in the CS d (second arrow). The activation sequences suggest two bypass tracts. See text for discussion.



Another finding related to retrograde atrial activation that suggests a second bypass tract is the failure to prolong atrial activation at all sites with the development of bundle branch block ipsilateral to the bypass tract. For example, if during orthodromic tachycardia using an apparent left-sided bypass tract, left bundle branch block develops, activation of both atria should be prolonged, with right atrial activation following left atrial activation. If following left bundle branch block right atrial activation remains constant while left atrial activation prolongs, an additional right-sided bypass tract must be present. In a similar vein, if one has orthodromic tachycardia and then develops fusion complexes consistent with preexcitation, an additional bypass tract must be operative. The V–A interval may simultaneously change and increase to the degree to which the QRS becomes preexcited and the ventricle activated earlier than it was when conduction proceeded solely over the normal A–V conducting system. Changes in the V–A interval can result with the appearance of antegrade fusion if impairment of A–V nodal or His-Purkinje conduction by drugs, cycle length oscillation, or retrograde concealment was resposible for the sudden appearance of fusion. Occasionally, a narrow QRS tachycardia can gradually develop into a preexcited tachycardia after going through various states of fusion. Examples of these phenomena are shown in Figure 10-94. Analogously, if a preexcited tachycardia demonstrates antegrade fusion, a second bypass tract must be used as the retrograde limb ( Fig. 10-95). As stated earlier in the chapter (see discussion of antidromic tachycardia), the mere presence of a preexcited tachycardia should suggest the likely presence of multiple bypass tracts. Fifty to 75% of patients with preexcited circus movement tachycardias, incorporating a bypass tract as the antegrade limb, have multiple bypass tracts. Multiple bypass tracts are almost invariably present if the preexcited tachycardia demonstrates antegrade conduction over a posteroseptal bypass tract, because antegrade conduction over such a bypass tract has never been described with “classic antidromic tachycardia” ( 37). In addition, in our experience, in the absence of dual pathways with orthodromic tachycardia using the slow pathway, if the preexcited tachycardia is slower than orthodromic tachycardia in the same patient, multiple bypass tracts are likely to be present. Antidromic tachycardia is only slower than orthodromic tachycardia if retrograde conduction during antidromic tachycardia is slower than antegrade conduction during orthodromic tachycardia.



FIG. 10-94. Antegrade fusion during orthodromic tachycardia. During orthodromic tachycardia using a left lateral bypass tract—earliest activation in more distal pairs of CS electrograms—antegrade activation over a right anterior paraseptal bypass tract is seen. Fusion is seen in the second and seventh complexes, and total preexcitation over the anterior paraseptal bypass tract is seen in the fourth through sixth complexes. Note the difference in V–A intervals associated with different H–V intervals with various degrees of fusion. The change in V–A intervals is due to the relative activation of the ventricles over the bypass tract and the time that the normal conducting system activates the ventricles. See text for discussion.



FIG. 10-95. Preexcited tachycardia using multiple bypass tracts. During the preexcited tachycardia, anterograde conduction occurs over a left lateral bypass tract, and retrograde conduction occurs over a second slowly conducting posterior paraseptal bypass tract. This retrograde bypass tract has decre-mental properties so that the V–A interval oscillates between 200 and 125 msec in the HBE and is inversely related to the V–V interval. The His is activated anterogradely, and the QRS is a fusion complex with a greater degree of preexcitation associated with the longer A–H interval.



If the electrocardiographic pattern of preexcitation during a preexcited tachycardia or during sinus rhythm does not conform to an expected QRS morphology for a given location, one should evaluate the possibility that ventricular activation is actually a fusion of antegrade conduction over more than one bypass tract. Finally, if there is a mismatch between the site of antegrade preexcitation, as determined from either the ECG or electrophysiologic studies, and the site of earliest retrograde atrial activation during orthodromic tachycardia (again as determined either by retrograde P-wave morphology on the ECG or during electrophysiologic studies), a second bypass tract is most certainly operative. Sometimes there will be no evidence of multiple bypass tracts during spontaneous sinus rhythm, induced atrial fibrillation, right or left atrial pacing, orthodromic tachycardia, or preexcited tachycardias. This most commonly occurs when additional bypass tracts are “concealed” both during sinus rhythm or circus movement tachycardia because of preferential activation over one bypass tract. Such concealed bypass tracts can often be recognized by performing atrial or ventricular stimulation during orthodromic tachycardia or, as stated previously, by assessing the effect of bundle branch block on retrograde atrial activation. Thus, it is important to introduce both atrial and ventricular extrastimuli during circus movement tachycardia to see if changing A–V times or retrograde routes of activation allows manifestation of an additional bypass tract. An example of how this stimulation can reveal the presence of additional bypass tracts is shown in Figure 10-96. Circus movement tachycardia using a right anterior bypass tract is present on the left. The introduction of a right VPC (RV electrogram not shown) produces a classic paradoxic premature atrial capture (see preceding section entitled Role of the Bypass Tract in Genesis of Arrhythmias). This results in earlier input to the A–V node, producing a prolongation of A–V nodal conduction. The additional A–V nodal conduction delay allows a previously concealed left lateral bypass tract (owing to antegrade concealment by atrial activation beginning over the right-sided bypass tract) to be manifested. The QRS during the tachycardia remains unchanged, but there is a totally different retrograde atrial activation sequence, with the earliest site of retrograde atrial activation being the left atrium. The V–A interval in the high-right atrial recording, however, remains the same as it did before the VPC. Thus, following the VPC, antegrade conduction proceeds over the normal A–V conducting system, but retrograde atrial activation occurs over both a left- and a right-sided bypass tract. The high incidence of multiple bypass tracts noted in our laboratory (~ 25%) probably reflects both the care and detail with which we attempt to document the presence of additional bypass tracts as well as a selected patient population.



FIG. 10-96. Stimulation during orthodromic tachycardia to demonstrate a second bypass tract. Orthodromic tachycardia is present with conduction over an anterolateral bypass tract (earliest retrograde atrial activation in the HRA). A ventricular stimulus delivered when the His is refractory preexcites the atrium with a shorter V–A interval than during the first three complexes; thus, producing a paradoxical premature capture. This earlier retrograde atrial activation sequence results in subsequent delay of antegrade conduction through the A–V node. This delay allows for retrograde activation over a left lateral bypass tract to be manifested. This left lateral bypass tract was previously concealed by antegrade penetration into it by atrial activation that initiated over the right anterior bypass tract. Subsequently, orthodromic tachycardia appears to have a retrograde activation sequence over both a left lateral (early activation in CS d) and right anterolateral bypass tract. See text for discussion.



The presence of multiple bypass tracts has important clinical implications. Patients with multiple bypass tracts have been associated with a higher incidence of ventricular fibrillation according to some investigators, a higher incidence of preexcited tachycardias, and clearly, more complicated anatomy for catheter-based or surgical ablation. Thus, it is imperative that one make every effort to detect their presence during electrophysiologic studies. In the presence of multiple bypass tracts the complexity and number of the potential tachycardia circuits is large ( Fig. 10-97). If one considers the fact that a given patient may have more than two A–V bypass tracts (20% of our patients with multiple bypass have three or more tracts), enhanced A–V nodal conduction, A–V nodal reentry, and/or other forms of preexcitation, the possibilities of tachyarrhythmias are mind-boggling. In nearly 10% of patients with preexcitation, A–V nodal reentry is present, and in some it is the only arrhythmia (Fig. 10-98). In Figure 10-99, a patient with multiple bypass tracts manifested several different tachyarrhythmias: circus movement tachycardia with a narrow QRS using a posteroseptal bypass tract (noted in normal sinus rhythm); the same orthodromic tachycardia but with antegrade fusion over an anteroseptal bypass tract;



circus movement tachycardia with left bundle branch block using a posteroseptal bypass tract; A–V nodal reentrant tachycardia with a narrow QRS; preexcited tachycardia using a right posterolateral bypass tract antegradely and an anteroseptal bypass tract retrogradely; and finally, atrial fibrillation that degenerated to ventricular fibrillation.



FIG. 10-97. Multiple potential mechanisms of arrhythmias when two bypass tracts are present. Schematically shown are six potential mechanisms of arrhythmias with two functioning atrioventricular bypass tracts. See text for discussion. AA–VP = accessory A–V pathway.



FIG. 10-98. A–V nodal reentry as the mechanism of SVT in a patient with WPW. ECG leads I, II, III, V1, V 4, and V6 are shown with intracardiac recordings from the HRA, coronary sinus distal (CS d) and proximal (CSp), HBE, and RV. During atrial pacing from CS d preexcitation over a left lateral bypass tract is observed. Atrial extrastimuli only induced typical A–V nodal tachycardia; orthodromic tachycardia was never observed.



FIG. 10-99. Multiple tachycardia mechanisms in a patient with multiple bypass tracts. Seven different tachyarrhythmias are shown in this patient. A. The patient presented with an ECG in sinus rhythm compatible with antegrade conduction over a posteroseptal bypass tract. Orthodromic tachycardia over the posteroseptal bypass tract with antegrade fusion over an anteroseptal bypass tract, narrow QRS, and LBBB ( B.–D.) are shown with A–V nodal reentry, a preexcited tachycardia using a right lateral bypass tract antegradely and anteroseptal bypass tract retrogradely, and atrial fibrillation with a life-threatening response ( E.–G.).



ATRIOVENTRICULAR NODAL “BYPASS TRACTS”—THE LOWN-GANONG-LEVINE SYNDROME The Lown-Ganong-Levine syndrome is characterized by a short P–R interval, a narrow QRS complex, and a clinical syndrome of recurrent paroxysmal SVTs. These paroxysmal tachycardias can be regular SVTs, or atrial flutter or fibrillation ( 132). Although the authors initially ascribed this syndrome to the presence of an A–V nodal bypass tract, the pathophysiologic basis and clinical significance of the syndrome was clarified in the 1980s through the use of intracardiac recordings and programmed stimulation. A short P–R interval may have many mechanisms including a variant of normal, enhanced sympathetic tone, an anatomically small A–V node, ectopic atrial rhythm with differential input into the A–V node, or isoarrhythmic A–V dissociation. The syndrome, as initially described, requires the presence of paroxysmal arrhythmias in addition to the short P–R interval. These arrhythmias give clinical significance to the syndrome. Three anatomic possibilities have been entertained as operative mechanistically. Most investigators believe that enhanced A–V nodal conduction (perhaps using specialized intranodal fibers) is responsible for the majority of cases (13,14,132,133,134,135,136 and 137) while a minority are associated with atrio-His connections ( 4,5,133,137,138). In the former case, tachycardias using the A–V node alone or in conjunction with a concealed bypass tract are the most common mechanisms of arrhythmias. In the latter instance, atrial flutter and fibrillation with rapid ventricular responses are the clinical problem. Controversy still exists concerning the functional significance and the anatomic existence of the posterior intranodal tracts described by James ( 10), which are the third possibility. Although there is no anatomic correlate of a specialized intranodal pathway, the complex structure of the A–V node, with areas of tightly packed, longitudinally arranged transitional fibers on the periphery of the node, and a lattice network of more loosely connected fibers around densely packed nodal tissue can provide an anatomic substrate for relatively fast and relatively slow conduction. Electrophysiologic Properties The hallmark of patients with the so-called Lown-Ganong-Levine syndrome is enhanced or accelerated A–V conduction, which more than 90% of the time is due to accelerated conduction through the A–V node ( 132,133,134,135,136,137 and 138). Thus, most patients with the clinical syndrome usually manifest a short A–H interval (£60 msec) and normal intra-atrial and His-Purkinje conduction ( Fig. 10-100). In the rare case where the A–V node is completely bypassed by an atrio-His connection, insertion of this bypass tract into the distal His bundle results in a short H–V or the absence of a His deflection ( Fig. 10-101). The His bundle in this instance is retrogradely activated from the site of distal His insertion. The short H–V is due to the difference in conduction time from the site of insertion in the distal His bundle to the ventricle and to the conduction time from the site of insertion in the distal His bundle to the proximal His bundle. One must distinguish this “short H–V” from the recording of a distal right bundle branch potential, an anatomically shortened posterior division, or premature insertion of normal sized bundle branch to the ventricular muscle. To do this, one requires the observation of block in the bypass tract, which is simultaneously associated with an increase in the P–R interval owing to the appearance of an appropriate A–H interval and a normal H–V interval ( Fig. 10-100C), and/or absence of a response of the P–R, A–H, and H–V intervals to atrial pacing and programmed stimulation. Block in the bypass tract can usually be achieved through the use of antiarrhythmic agents or occasionally by the induction of atrial fibrillation. Because the essence of this syndrome is enhanced A–V conduction, most commonly A–V nodal conduction, two of the originally proposed criteria, a short P–R interval and a narrow QRS, need not be present. Intra-atrial conduction delays and/or H–V prolongation can produce a normal P–R interval without influencing A–V nodal conduction. In the same vein, the presence of bundle branch block in no way signifies an alteration in A–V nodal conduction.



Thus, the P–R interval can be normal or even prolonged with a wide QRS in the presence of enhanced A–V nodal conduction ( Fig. 10-102).



FIG. 10-100. Intracardiac recording in a patient with a short P–R interval. Typical of patients with short P–R intervals (110 msec), A–V nodal conduction time is short (A–H interval, 35 msec), and the H–V interval is normal (H–V = 45 msec). See text for discussion.



FIG. 10-101. Atrio-His bypass tract inserting below the recording site of the His bundle deflection. A. and B. Atrial pacing does not affect the P–R interval, which remains fixed at 100 msec. Antegrade His bundle deflection (H) occurs at the beginning of the ventricular electrogram in the HBE because the bypass tract inserts distal to the His bundle recording site. C. Proof of that appears during atrial fibrillation in which block in the atrio-His bypass tract occurs and conduction proceeds over the normal pathways. Note that the His bundle deflection during atrial fibrillation is identical to the His bundle potentials shown in A and B and is associated with a normal H–V interval and an identical QRS complex to that observed in A. and B.



FIG. 10-102. Accelerated A–V nodal conduction in the presence of a long P–R interval and an abnormal QRS complex. A–V nodal conduction time is short (A–H = 55 msec), despite a markedly prolonged infranodal conduction time (H–V = 210 msec) and a QRS complex demonstrating RBBB.



It is imperative to identify the mechanism and characteristics of the type of accelerated A–V conduction since the mechanism of enhanced A–V conduction determines the type of the spontaneous arrhythmias. This can be done by analyzing the response of the A–V conducting system to programmed stimulation and/or drug interventions. If accelerated conduction is due to enhanced A–V nodal conduction, patients should respond to such perturbations qualitatively similar to, but perhaps quantitatively less than, the normal A–V node. In contrast, if accelerated A–V conduction is due to an atrio-His bypass tract, responses characteristic of nodal tissue should not be present. The electro-physiologic characteristics of patients with enhanced A–V conduction are discussed in subsequent paragraphs. Atrial Pacing Several types of responses to atrial pacing have been reported ( Fig. 10-103) (132,133,134,135,136,137,138 and 139). The vast majority of patients show some prolongation of A–V conduction (i.e., an increase in the A–H interval) as the paced atrial cycle length shortens, suggesting incorporation of A–V nodal fibers in the conduction pathway. This usually takes the form of a smooth, continuous, but blunted prolongation of the A–H interval, or of an initial blunted small increase in A–H interval followed by a significant jump at a critical cycle length, typical of dual A–V nodal pathways ( 13,14,140,141). One-to-one conduction is maintained to rates exceeding 200 beats per minute (bpm) (cycle lengths 200 bpm. This blunted response is now thought to represent conduction through preferential fast A–V nodal fibers, although other possibilities include a small anatomic A–V node or a partial bypass tract. In patients with such blunted responses, the A–H interval is rarely >200 msec, and in the study by Benditt et al. (136), the mean A–H during the fastest paced rate of 1:1 conduction was only 153 msec. The shortest cycle length maintaining 1:1 conduction is distinctly shorter in patients with short P–R intervals and SVT than in those with normal P–R intervals and SVT. In our experience, the mean cycle length of 1:1 conduction is approximately 270 msec in patients with short A–H intervals, whereas that in patients with SVT with normal P–R intervals is 325 msec. This is similar to the findings of Benditt et al. ( 136), who found a mean cycle length in patients with enhanced A–V conduction to be 268 msec, whereas that in the next group of patients (some with and some without SVT) was 392 msec. These numbers may vary somewhat, depending on patient selection and adrenergic tone in the laboratory. It is of interest, however, that in both groups the maximum A–H before Wenckebach was similar.



FIG. 10-103. Patterns of A–V nodal conduction in response to atrial pacing in patients with short P–R intervals. The atrial paced cycle length is shown on the abscissa, and the resultant A–H interval is on the ordinate. The response of patients with normal P–R intervals to atrial pacing is shown by the stippled area. Three patterns of response to atrial pacing are observed in patients with short P–R intervals: (1) No A–V nodal delay, characteristic of an atrio-His bypass tract (circles); (2) a dual-pathway response, characteristic of a preferential intranodal pathway (dashed line); and (3) a response qualitatively similar to normal but with a lesser degree of A–H prolongation, compatible with a partial A–V nodal bypass tract, a small A–V node, or an extremely rapid intranodal pathway (solid line).



In a second type of response, a small increase is followed by a jump in the A–H at a critical paced cycle length with a subsequent gradual increase while maintaining 1:1 conduction at cycle lengths of 


FIG. 10-104. Response to APDs in a patient with an atrio-His bypass tract. A. An APD (A2) at a coupling interval (A 1–A2) of 490 msec produces no change in A 2–H2 or H 2–V 2 intervals. B. An A1–A2 of 340 msec produces no change in A2–H2 but it markedly prolongs infranodal conduction time (H 2–V2 100 msec). The lack of A–V nodal conduction delay is diagnostic p2399 of an atrio-His bypass tract. The A–H intervals of 70 msec are normal, suggesting that the bypass tract inserted in the distal His. See text for discussion.



The presence of a short A–H and H–V interval that fail to change in response to premature extrastimuli suggests an atrio-His bypass tract. In this instance, at short paced cycle lengths, a bypass tract composed of tissue comparable to atrial or ventricular muscle should shorten its refractoriness and therefore should show no prolongation of conduction until very short cycle lengths are used. Thus, at short basic paced cycle lengths (approximately 300 to 400 msec), the H–V interval should remain fixed and short because it is a retrograde His deflection (see preceding discussion), and the A–H interval should remain the same because it is not a linear measurement of A–V nodal conduction. When one measures the effective refractory period of the A–V node, considerable overlap is seen between patients with normal and short P–R intervals, particularly those with SVT. The effective refractory period of the A–V node is somewhat shorter than that of the population at large, but there is great overlap. There is no significant difference of effective refractory periods in patients with SVT regardless of the P–R interval, although those patients having a short P–R interval have a tendency toward slightly shorter effective refractory periods. The functional refractory period, however, is definitely shorter in patients with enhanced A–V nodal conduction than in those with SVT with normal P–R intervals. Ventriculoatrial Conduction Electrophysiologic evaluation of V–A conduction has not been studied in as much detail as antegrade conduction. However, patients with the Lown-Ganong-Levine syndrome can be divided into two groups. Those patients who have had accelerated A–V nodal conduction, with or without dual pathways, have extremely rapid V–A conduction. Two reasons explain this. First, in general the shorter the A–H, the better the retrograde conduction; because these patients by definition have enhanced A–V nodal conduction, rapid V–A conduction is not surprising. Furthermore, this is not surprising in the group of patients who have dual A–V nodal pathways who present with A–V nodal reentrant SVT. As described in Chapter 8, patients with A–V nodal reentry have rapid V–A conduction. It is the ability to conduct rapidly up the fast pathway retrogradely that allows these tachycardias to be initiated and maintained. In such instances the H–A interval remains relatively short with little increase as the ventricular pacing rate is increased. Another group of patients with enhanced A–V conduction who have rapid V–A conduction are those with antegradely concealed but retrogradely conducting bypass tracts. In this case, short and fixed V–A intervals are the rule, as they are with other bypass tracts, and retrograde conduction is often maintained at extremely short ventricular paced cycle lengths (


concealed bypass tracts, because in the latter group the H–A does not reflect linear conduction but rather fixed conduction through both the His-Purkinje system and the bypass tract. Thus, at paced cycle lengths 


FIG. 10-105. Effect of cycle length on A–V nodal conduction and refractoriness in a patient with an accelerated A–V nodal conduction and SVT. The coupling interval of APDs (A1–A2) is shown on the abscissa, and the resulting A–H interval (A 2–H2) is shown on the ordinate. Data from studies performed at a basic cycle length of 600 msec are shown in circles, and those from studies performed at 500 msec are shown in triangles. At every A 1–A2 interval, the A2–H2 interval is longer at the shorter drive cycle length. The ERP of the “fast” pathway is prolonged by 30 msec (arrow) at a drive cycle length of 500 msec. (From: Josephson ME, Kastor JA. Supraventricular tachycardia in Lown-Ganong-Levine syndrome: intranodal versus antinodal reentry. Am J Cardiol 1977;40:521.)



FIG. 10-106. Effect of propranolol in a patient with accelerated A–V nodal conduction. On the left is a control sinus beat demonstrating an A–H interval of 55 msec. After the administration of propranolol, 10 mg intravenously (iv), the basal A–H interval increased to 180 msec. (From: Josephson ME, Kastor JA. Supraventricular tachycardia in Lown-Ganong-Levine syndrome: intranodal versus antinodal reentry. Am J Cardiol 1977;40:521.)



In patients with atrio-His bypass tracts, block of the bypass tract by pharmacologic agents usually requires the use of Type IA or Type IC agents, or amiodarone. In such cases, block in the bypass tract is associated with immediate prolongation of the A–H and H–V intervals to normal values. The change differs markedly from that of the prolongation of A–H and H–V intervals that occurs with these agents in patients with enhanced A–V nodal conduction. With atrio-His bypass tracts, both the A–H and H–V intervals prolong suddenly and markedly, because the measured A–H interval during sinus rhythm actually reflects retrograde conduction to the recorded His bundle from the site of insertion of the bypass tract and does not reflect a linear measurement of either A–V nodal or His-Purkinje conduction. Benditt et al. (142) evaluated the effects of autonomic blockade in patients with enhanced A–V nodal conduction. They compared these results to a group of patients, with and without SVT, who did not have enhanced A–V nodal conduction. Following autonomic blockade, patients with enhanced A–V nodal conduction had a prolongation of their A–V nodal functional refractory period with a minimal change or slight prolongation of their effective refractory period. The A–H interval also prolonged somewhat, and the shortest cycle length with 1:1 A–V conduction increased. In patients without enhanced A–V nodal conduction, the opposite effects occurred: The functional refractory period of the A–V node shortened, the cycle length of the Wenckebach shortened, and there was a slight shortening of the A–H interval. The effective refractory period changed minimally. These findings suggest that in patients with enhanced A–V nodal conduction, sympathetic tone predominates, whereas in those patients without enhanced A–V nodal conduction, parasympathetic tone predominates. It is of note, however, that regardless of the differential effects of autonomic blockade in the two patient groups, patients with enhanced A–V nodal conduction still had shorter A–H intervals, shorter cycle lengths with 1:1 A–V conduction maintained, and shorter functional refractory periods of the A–V node. The effective refractory periods of the A–V node overlapped before and after autonomic blockade. Role of the Bypass Tract in Arrhythmias As initially described, Lown-Ganong-Levine syndrome included patients with both regular SVTs and atrial flutter-fibrillation ( 132). As discussed, there are two predominant groups of patients, based on mechanism of the short P–R interval. In patients in whom the short P–R interval is due to enhanced A–V nodal conduction, with or without dual pathways, the tachycardias that occur spontaneously are usually reentrant SVTs. In our experience, the mechanism of SVT in these patients does not appear to differ significantly from that of patients with normal P–R intervals. This has also been noted by several other investigators ( 137,139,141). Thus, patients with dual A–V nodal pathways observed in response to single or multiple atrial extrastimuli, rapid atrial pacing, or ventricular extrastimuli have A–V nodal reentrant SVT. Another large group of patients has concealed A–V bypass tracts. Although the incidence of these two mechanisms may vary depending on patient population, one of these two mechanisms is the most common cause of regular narrow-complex SVTs. These findings are no different from the mechanisms of SVT in patients with normal P–R intervals (see Chap. 8). In patients with short P–R intervals and A–V nodal reentrant SVT, no evidence for an A–V nodal bypass tract exists. Thus, one can demonstrate that the atrium is not necessary (i.e., an upper final common pathway exists) and that the H–A during tachycardia is shorter than the H–A during ventricular pacing (i.e., a lower final common pathway exists). Details of studies that can demonstrate upper and lower final common pathways are given in Chapter 8. Heterogeneous retrograde arial activation patterns are seen in these patients as in those with normal A–V nodal conduction ( 87,88). The cycle length of A–V nodal reentrant tachycardias in patients with short P–R intervals is no different from that in patients with normal P–R intervals ( 143). This is not surprising because the major determinant of cycle length of A–V nodal reentry is conduction down the slow pathway. In our experience, the slow-pathway conduction times and refractoriness in



patients with normal and short P–R intervals are indistinguishable. On the other hand, the fast pathway in such patients is faster than in patients with normal P–R intervals; the A–Hs are shorter in sinus rhythm, and capability for retrograde conduction over the fast pathway is greater. This had led us and others ( 141) to suggest that patients with the Lown-Ganong-Levine syndrome and A–V nodal reentry are merely one end of the bell-shaped curve of patients with A–V nodal reentrant SVT. It is perhaps because the fast pathway is capable of such excellent retrograde conduction that such patients more commonly have SVT, which brings them to our attention. Thus, the Lown-Ganong-Levine syndrome may merely reflect a bias caused by the characteristics of the fast pathway. The bulk of evidence suggests that the fast pathway is composed of A–V nodal tissue but has more rapid conduction and shorter refractory periods ( 14,136). The fast A–V nodal pathway in these patients demonstrates an inverse relationship of conduction and refractoriness to cycle length and response to drugs such as propranolol, verapamil, adenosine, and digoxin in a manner qualitatively similar to normal A–V nodal tissue. Thus, these patients appear to represent just one part of the spectrum of patients with A–V nodal reentry and normal P–R intervals. In contrast, the cycle length of tachycardias using concealed bypass tracts tends to be much shorter in patients with short P–R intervals than in patients with normal P–R intervals. This is not surprising because in patients with concealed bypass tracts antegrade conduction proceeds over the rapidly conducting A–V node, thereby abbreviating that limb of the reentrant circuit. In fact, enhanced A–V nodal conduction and reciprocating tachycardia using concealed bypass tracts should be considered in any individual with paroxysmal reciprocating tachycardias having cycle lengths £250 msec. In such patients, enhanced A–V nodal conduction makes aberration common, resulting in a high incidence of SVT with wide QRS complexes. Patients with short P–R intervals that are due to either enhanced A–V nodal conduction or atrio-His bypass tracts may exhibit atrial flutter or fibrillation with a rapid ventricular response. We have never seen any patient with an atrio-His bypass tract who had a reentrant SVT using the A–V junction as one limb. These patients primarily present with atrial fibrillation or flutter and a rapid ventricular response, which may, in fact, induce ventricular fibrillation ( Fig. 10-107) (4,137,138 and 139). The major determinant of ventricular response to these atrial arrhythmias is the functional refractory period of the A–V node in the case of enhanced A–V nodal conduction or of the atrio-His bypass tract. Milstein et al. ( 144) demonstrated that the ventricular response during atrial fibrillation in patients with WPW and those with enhanced A–V nodal conduction who were matched for refractory periods was similar. They found the ventricular response to be directly related to the refractory period. Thus, the functional characteristics of the tissue responsible for A–V conduction is the main determinant of the ventricular response during atrial flutter or fibrillation, not the site of insertion of that tissue. Of note, in the group of patients with enhanced A–V nodal conduction who demonstrate dual A–V nodal pathways, the ventricular response is slower. This is a result of the fact that block in the fast pathway frequently occurs with conduction over the slow pathway and repetitive concealment into the fast pathway once conduction proceeds over the slow pathway.



FIG. 10-107. Atrial flutter with 1:1 conduction in a patient with atrio-His bypass tract. A. Atrial flutter with 1:1 A–V conduction is present in a patient with an atrio-His bypass tract. B. 200 mg of lidocaine produced block in the bypass tract, resulting in 2:1 conduction down the normal pathway.



Therapeutic Implications As with other types of recurrent SVT, therapy should be individualized. Because most of the reciprocating tachycardias are due to A–V nodal reentry or reentry using a concealed A–V bypass tract, treatment should be the same as that for patients with normal P–R intervals with these arrhythmias. Thus, in patients with SVT due to A–V nodal reentry or concealed A–V bypass tracts, although drugs may be useful, the potential cure by catheter ablation may be a reasonable choice of therapy for patients with recurrent symptoms. With the development of deflectible catheters and increased experience, radiofrequency ablation is the therapy of choice for most patients (see Chap. 14). Patients with atrio-His bypass tracts and atrial flutter and fibrillation with rapid ventricular responses require treatment with drugs that can suppress these bypass tracts and/or prevent the arrhythmia. These include Class I and 3 antiarrhythmic agents or amiodarone. In the case of atrial flutter (either as a primary arrhythmia or one created from atrial fibrillation by drugs) catheter ablation of flutter is possible and is highly successful (see Chap. 9 and Chap. 14). If these efforts are not successful, ablation of the A–V junction may be considered. Catheter-delivered radiofrequency energy is the current method of choice to create A–V block (see Chap. 14).



ACCESSORY PATHWAYS WITH ANTEROGRADE DECREMENTAL CONDUCTION AND FASCICULOVENTRICULAR PATHWAYS At the beginning of this chapter, we assigned all the variants of preexcitation syndromes pathophysiologic names as opposed to the eponyms formerly applied. Thus, fibers initially considered under the rubric Mahaim fibers are now recognized as nodofascicular, nodoventricular, and fasciculoventricular bypass tracts. Nodoventricular bypass tracts were initially described by Mahaim and Benatt in 1937 as conducting tissue extending from the A–V node to the ventricular myocardium (145). Pathologically, fibers have been described from the node to the ventricle and from the fascicle to the ventricle. Subsequently it was recognized that bypass tracts can arise in the A–V node and insert in the right bundle branch ( 15,16,18,19). Such nodofascicular fibers are clinically believed to be more common than fibers from the A–V node inserting directly into the ventricle. In the last decade it became clear that the majority of what were assumed to be nodoventricular and nodofascicular bypass tracts are actually slowly conducting atrioventricular or atriofascicular bypass tracts ( 20,21 and 22,44,45 and 46,145,146 and 147). All atriofascicular bypass tracts and all but one slowly conducting atrioventricular bypass tracts I have studied have inserted either into the right ventricle or right bundle branch. These may be difficult to distinguish from bypass tracts arising in the node from the surface ECG, but are readily distinguishable during electrophysiology study. In general if the ventricular insertion of these bypass tracts is in the ventricular myocardium, particularly, near the tricuspid annulus, they will tend to have relatively broader r waves in leads V 2–4. Although several types of arrhythmias have been described in patients with slowly conducting atrioventricular, nodoventricular, nodofascicular bypass tracts, and atriofascicular bypass tracts, fasciculoventricular bypass tracts have not been implicated in any reentrant arrhythmia (15,16,17,18 and 19). The arrhythmias with which these fibers are associated are listed in Table 10-10. Importantly, any of these bypass tracts can act as either participants (with the exception of fasciculoventricular) or bystanders in reentrant arrhythmias. These arrhythmias, which appear electrocardiographically as wide-complex tachycardias with a left bundle branch block and left axis deviation morphology, may have A–V dissociation and therefore may be difficult to distinguish from some ventricular tachycardias. The electrophysiologic studies are critical to establishing the pathophysiologic substrate of these individual fibers and the mechanisms of the arrhythmias with which they are associated.



TABLE 10-10. Mahaim Fibers



Slowly Conducting Accessory Pathways Anterograde decrementally conducting accessory pathways are not as uncommon as previously thought. In our experience, 


FIG. 10-108. Electrophysiologic behavior of a decrementally conducting bypass tract. During sinus rhythm (left), the degree of preexcitation depends on the relative conduction time down the decrementally conducting bypass tract and conduction time down the normal conducting system below the “takeoff” of the bypass tract. An APD (right) results in a greater degree of preexcitation owing to the production of an A–V nodal conduction delay below the site of the bypass tract. The increase in P-delta interval is due to conduction delay above the site of the takeoff.



Electrophysiologic studies are critical to document the presence and type of these slowly conducting accessory pathways and their participation in clinical arrhythmias. During sinus rhythm, the intra-atrial and A–H interval are usually normal. The H–V interval may be normal or decreased, depending on whether any evidence of preexcitation exists. Normalization of the H–V by His bundle pacing proves that the takeoff is from the node or the atrium and excludes a fasciculoventricular pathway (see below). Electrophyiologic studies have demonstrated that the vast majority (probably greater than 80%) of these decrementally conducting accessory pathways are atriofascicular or long atioventricular pathways. Slowly conducting short atrioventricular pathways are a distant second with pathways arising in the A–V node being least common. Sites of 31 atriofascicular or long atrioventricular and 7 short atrioventricular pathways that I have studied are shown in Figure 10-109.



FIG. 10-109. Sites of decrementally conducting atriofascicular and long and short atrioventricular accessory pathways. Decrementally conducting atriofascicular and long atrioventricular pathways are located along the anterior and lateral free wall of the right ventricle (solid line, 31 patients). Short atrioventricular pathways are more variably located (dots, 6/7 at the right free wall and 1/7 at a left lateral site).



Atriofascicular and Long Atrioventricular Bypass Tracts As shown in Figure 10-109, atriofascicular and/or long atrioventricular pathways have their atrial insertion at the free wall of the right atrium. This location has been consistent in all studies ( 20,21 and 22,44,46,146,147). Pathologic studies have demonstrated that the tissue is stucturally similar to the normal A–V junction with a node-like structure leading to a His-like structure ( 21,22). This structure physiologically can be traced along the free wall of the right ventricle to the region where the moderator band usually inserts (see below). Changes in autonomic tone ( Fig. 10-110) and atrial stimulation can increase the degree of preexcitation by slowing conduction in the A–V node. In the baseline state minimal or no preexcitation may be present; thus, the H–V interval may be normal (H60%) or short. Atrial pacing typically produces an expected prolongation of the A–H interval. Even a “normal” H–V may be shorter in the apparent absence of preexcitation. Subtle preexcitation may be suspected by absence of normal septal forces in leads 1, aVL, and V 5–6, which is a clue that minimal preexcitation is present. During atrial pacing or atrial extrastimuli as the A–H interval prolongs, the QRS morphology gradually shifts progressively to a more preexcited left bundle branch block morphology. The A–H interval will show a greater degree of prolongation than the A–V interval regardless of the morphology. The H–V interval decreases as the His deflection becomes progressively displaced into the QRS ( Fig. 10-111, Fig. 10-112 and Fig. 10-113). In the vast majority of cases the His will be inscribed 5–25 msec after the QRS ( Fig. 10-111 and Fig. 10-112), and in a minority it is buried in the QRS ( Fig. 10-113). When the His deflection is lost within the QRS, it is unclear whether or not conduction continues to proceed over the His bundle or whether block has occurred. In our experience, this occurs in 


In my experience and that of others, most of these long fibers are consistent with slowly conducting atriofascicular tracts ( 16,20,21 and 22,44,46,146,147,149).



FIG. 10-110. Spontaneous shifts in conduction over an atriofascicular bypass tract. Four sinus complexes are shown. The first is a normal sinus complex with no evidence of conduction over the atriofascicular tract. Note the His bundle potential precedes right bundle potential. The second complex shows a slight change in the QRS, but the right bundle and the His bundle are activated nearly simultaneously with a shortened H–V interval. In the third and fourth complexes, conduction over the atriofascicular tract is present, and there is a reversal of activation sequences, with the right bundle potential occurring before the His bundle potential. This suggests that the atriofascicular bypass tract inserts into the right bundle branch and conducts retrogradely to the His bundle. See text for discussion. RBE = right bundle electrogram.



FIG. 10-111. Effect of atrial pacing on atriofascicular bypass tract. Atrial pacing at a cycle length of 800 msec produces the progressive development of preexcitation over an atriofascicular bypass tract. As preexcitation occurs, the A–H lengthens and the H–V shortens. Beginning with the fourth paced impulse, the A–H remains fixed with the His deflection shortly following the onset of the QRS. A fixed A–H with a short, retrograde V–H during atrial pacing is characteristic of an atriofascicular bypass tract.



FIG. 10-112. Effect of an APD on preexcitation over an atriofascicular bypass tract. The first two complexes are sinus with the normal A–H and H–V intervals. Note that the His deflection precedes the right bundle deflection. Following the second sinus complex, an APD is delivered from the HRA. This results in manifest preexcitation with reversal of the RB and His potentials so that the RB is activated 20 msec before the His bundle. This suggests that the bypass tract inserts in the RB and conducts retrogradely to the His bundle.



FIG. 10-113. Effect of atrial pacing in a patient with a decrementally conducting atrioventricular ventricular bypass tract. The sinus complex shown on the left gives no evidence of preexcitation. In the sinus complex shown on the right, during atrial pacing at a cycle length of 340 msec, as the A–H interval increases, there is a gradual change to an LBBB configuration, the degree of which depends on the amount of A–V nodal delay. The maximum change in QRS morphology appears as the antegrade His bundle deflection becomes cast within the QRS. See text for details.



FIG. 10-114. Atrial pacing producing A–V Wenckebach in a patient with a atriofascicular bypass tract. Pacing from the HRA at a cycle length of 360 msec is associated with progressive prolongation of the P–R and A–H intervals and block in the A–V node. Note that the RB precedes the His during all conducted complexes. And the V–H remains fixed. This suggests that during conducted beats, antegrade conduction goes through an atriofascicular bypass tract, which enters the RB and captures the His retrogradely. A–V Wenckebach occurs in the atriofascicular bypass tract. See text for discussion.



FIG. 10-115. Effect of progressively premature atrial extrastimuli on A–V conduction in a patient with an atriofascicular bypass tract. A. and B. Atrial pacing at a drive cycle length of 500 msec is shown with progressively premature atrial extrastimuli. A. An APD delivered from the RAA at a coupling interval of 380 msec results in an A–V of 115 msec and an H–V of –15 msec. B. At an S1–S2 60 msec earlier (i.e., 320 msec), the A–V increases to 135 msec, but the H–V stays fixed at –15 msec. The increasing P–R interval with a fixed V–H and a constant degree of preexcitation provides supporting evidence of a decrementally conducting bypass tract that inserts in the right bundle branch. See text for discussion. DCS = distal coronary sinus, PCS = proximal coronary sinus. (From: Ellenbogen KA, Ramirez NM, Packer DL, et al. Accessory nodoventricular (Mahaim) fibers: a clinical review. PACE 1986;9:868.)



Careful mapping of the tricuspid annulus and the anterior free wall of the right ventricle has demonstrated discrete potentials with complexes comparable to those recorded at the AVJ (Fig. 10-116). The acccessory pathway potential is analagous to a His potential. Atrial pacing and drugs, such as adenosine, produce delay proximal to the accessory pathway potential (AP) with a constant AP–V ( Fig. 10-117 and Fig. 10-118) (20,146). Continued rapid pacing produces Wenckebach with block proximal to the AP potential (Fig. 10-117). Both Hassaguere et al. (20) and McClelland et al. ( 146) have mapped the distal AP. It is recorded as a single long structure, analagous to the right bundle branch, which in most cases appears to join the distal right bundle branch at the insertion of the moderator band at the apical third of the free wall (Fig. 10-119). In essence, it functions as an auxilliary conducting system in parallel to the normal conduction system. During preexcitation propagation is traced anterogradely over the accessory pathway and retrogradely up the right bundle branch to the His bundle to give rise to the short V–H interval (Fig. 10-119). Transient or permanent proximal right bundle branch block does not change the degree of preexcitation and confirms that the accessory pathway inserts into the distal right bundle branch. In the presence of right bundle branch block, during rapid atrial pacing, retrograde conduction to the His bundle occurs following transseptal engagement of the left bundle branch. In this instance, the His bundle is activated prior to the proximal right bundle branch, with anterograde conduction down the right bundle branch to the site of block. This is the mechanism of long and short V–H tachycardias (see subsequent discussion). The onset of ventricular activation always occurs at the apical third of the right ventricular free wall regardless of the route of retrograde activation.



FIG. 10-116. Recording of an atriofascicular pathway potential at the lateral right A–V ring. Recordings from a catheter placed at the lateral tricuspid annulus (TA p,d) records a discrete potential (AP) 85 msec following local atrial activation. This occurs after anterograde activation of the His bundle (H). AP = accessory atriofascicular pathway. (From: McClelland JH, Wang X, Beckman KJ, et al. Radiofrequency catheter ablation of right atriofascicular (mahaim) accessory pathways guided by accessory pathway activation potentials. Circ 1994; 89:2655–2666.)



FIG. 10-117. Effect of decremental atrial pacing on conduction over an atriofascicular bypass tract. The figure is arranged similarly to Fig. 10-116. Panels A–D show the effect of atrial pacing at cycle lengths of 600, 390, 370, and 340 msec. At shorter cycle lengths conduction delay occurs proximal to the AP (A–C) until block occurs (D, open arrow). Conduction from AP to RB and RB to H remain constant until block occurs (D, open arrow). Absence of the H when anterograde block in the atriofascicular pathway occurs confirms that the H is dependent on conduction through the atriofascicular pathway; i.e., the H is retrogradely activated. (From: McClelland JH, Wang X, Beckman KJ, et al. Radiofrequency catheter ablation of right atriofascicular (mahaim) accessory pathways guided by accessory pathway activation potentials. Circ 1994;89:2655–2666.)



FIG. 10-118. Effect of adenosine on conduction over an atriofascicular pathway. The figure is arranged similarly to Figure 10-117. Supraventricular tachycardia with anterograde conduction over an atriofascicular pathway and retrograde conduction over the A–V node is present for the first four complexes. Adenosine was administered just prior to the recording. The adenosine produces progressive delay in the atriofascicular pathway (increasing A to AP) until block occurs proximal to the AP, terminating the tachycardia. Retrograde conduction through the A–V node is unaffected. See text for discussion. (From: McClelland JH, Wang X, Beckman KJ, et al. Radiofrequency catheter ablation of right atriofascicular (mahaim) accessory pathways guided by accessory pathway activation potentials. Circ 1994;89:2655–2666.)



FIG. 10-119. Recordings along an atriofasicular bypass tract and the normal conduction system during sinus rhythm and atrial pacing. All panels show leads I, II, and V1 and recordings from the right atrium (RA), His bundle (HBp,m,d), proximal and distal right ventricular mid septum (RVMSp and RVMSd) and RV free wall near the apex (RVFWA) at the site of earliest RV activation. Panel A. During sinus rhythm there is minimal preexcitation. The RB at the RVMS is activated anterogradely following HB depolarization. The RVFWA is activated over the atriofascicular pathway (note relationship of RV electrogram at RVMS and RVFW). Panel B. During atrial pacing producing full preexcitation, the RB and H are activated retrogradely. Note the change in activation sequence of the RVFW and RVMS compared to panel A. Panel C. During atrial pacing as in panel B activation along the mid RVFW (RVFWM) and RVFWA are shown. An atriofascicular pathway potential (AP) is seen at the RVFWM prior to the RB at the RVFWA. The RV electrogram at this site is later than that at the apex suggesting that the AP is insulated until its insertion at the RVFWA. Panel D. During sinus rhythm as in panel A, RB activation occurs anterogradely along the RVMS. A recording along the lateral tricuspid annulus (TA) records the most proximal AP potential. (From: McClelland JH, Wang X, Beckman KJ, et al. Radiofrequency catheter ablation of right atriofascicular (mahaim) accessory pathways guided by accessory pathway activation potentials. Circ 1994;89:2655–2666.)



Rarely, one can see an obvious jump in A–H intervals before the His is inscribed within the QRS. Dual A–V nodal pathways are more readily appreciated using ventricular stimulation. During rapid ventricular pacing and ventricular extrastimuli, the retrograde conduction time is usually fast, compatible with conduction over a fast A–V nodal pathway. Initiation of tachyarrhythmias by ventricular stimulation (which we have observed in 85% of our patients) is virtually always associated with conduction up a relatively fast retrograde pathway followed by conduction down an antegrade slow pathway, that is associated with preexcitation. The anterograde slow pathway can either be the accessory pathway or the slow A–V nodal pathway, in which case the accessory pathway acts as an innocent bystander during typical A–V nodal reentry. We have documented dual A–V nodal pathways (described in more detail later) in most patients with atriofascicular pathways. In my opinion, the sudden appearance of preexcitation associated with a “jump” from fast to slow A–V nodal pathways with a His inscribed before ventricular activation or with a V–H £ -10 msec strongly favors A–V nodal reentry. While one cannot exclude a slowly conducting atriofascicular tract that becomes manifest with a jump to the slow A–V nodal pathway, a consistent pattern of dual pathway dependence and an “H–V” relationship too short to be retrograde from the distal right bundle branch would be fortuitous. During ventricular stimulation, if rapid and fixed V–A conduction is present, one must always exclude the presence of a separate A–V bypass tract. In my experience the incidence of additional bypass tracts is approximately 10% even in the absence of Ebstein's malformation, with which atriofascicular and/or long atrioventricular pathways are associated. Analysis of the retrograde atrial activation sequence and response to programmed stimulation during the tachycardia usually are sufficient to document the presence of an additional A–V bypass tract, as described earlier (see Chap. 8). Short Slowly Conducting Atrioventricular Bypass Tracts These bypass tracts are less common than the atriofascicular or long atrioventricular pathways. They are anologous to decrementally conducting concealed bypass tracts (see Chap. 8) anatomically in that they bridge the A–V rings. As such the earliest ventricular activation occurs adjacent to the annulus. Gillette et al. ( 44) was the first to describe these pathways which, in contrast to concealed slowly conducting pathways, primarily arise at the right free wall. Six of seven pathways I have seen on the right free wall ( Fig. 10-109). As with other anterogradely decremental pathways, retrograde conduction is not seen. The amount of preexcitation is related to the relative conduction times over the A–V node and bypass tract. Retrograde conduction to the His bundle is only seen during antidromic tachycardias or following A–V block. In such instances conduction proceeds up either the right or left bundle branch, which is determined by whether or not right bundle branch block is present. The V–H interval is longer than that observed with atriofascicular or long atrioventricular pathways due to the distance from the ventricular insertion site to the right bundle branch (20), and the His is usually inscribed within the QRS (intermediate V–H). Additionally, the QRS widths are greater than those observed in atriofascicular pathways. Although these pathways demonstrate decremental conduction and Wenckebach-type block in response to rapid atrial pacing, they do not appear responsive to adenosine, which suggests that this structure is not composed of A–V nodal-like tissue ( 20). Nodofascicular and Nodoventricular Bypass Tracts Bypass tracts that originate in the A–V node are uncommon. They should be considered anytime SVT, narrow complex or preexcited, with A–V dissociation is observed. Their presence as the retrograde limb of a narrow complex SVT with A–V dissociation is confirmed by ventricular stimulation during SVT when the tachycardia is reset by stimuli delivered when the His bundle is refractory ( 45,149,150,151,152,153 and 154) (see subsequent discussion). Those fibers that are anterogradely conducting do not conduct retrogradely. Their presence is suggested if antidromic tachycardia is present with A–V dissociation. During the tachycardia the V–H may be short (nodofascicular) or intermediate (50–80 msec, nodoventricular) during the tachycardias in the absence of right bundle branch block (see earlier discussion). The distal insertion of nodofascicular pathways is in the right bundle branch so that earliest ventricular activation is at the apical third of the right ventricular free wall. Nodoventricular pathways insert directly into the ventricular myocardium in the region of the A–V junction. Tachycardias Associated with Atriofascicular, Slowly Conducting A–V, Nodofascicular, and Nodoventricular Bypass Tracts Virtually all patients with nodofascicular, decrementally conducting atriofascicular or A–V tracts, or true nodoventricular bypass tracts present with arrhythmias. Tachycardias virtually always have a left bundle branch block pattern with an axis somewhat to the left of 0 degrees. The role of the nodofascicular or nodoventricular fiber in initiating and maintaining the tachycardia requires detailed study, because the fibers can act as innocent bystanders during A–V nodal reentry or an obligatory component (antegrade limb of a macro-reentrant circuit) ( 15,16,18,150,151,152,153 and 154). To distinguish the mechanism of the tachycardias, including the site of ventricular insertion of the bypass tract, one needs to evaluate the relationship of the His and the V, the V–H during pacing and the V–H during SVT, the H–A during SVT and the H–A during ventricular pacing, and whether or not the tachycardia persists after block in the bypass tract has been achieved by pharmacologic means or pacing. During ventricular stimulation, if rapid and fixed V–A conduction is present, one must always exclude the presence of a separate A–V bypass tract. Analysis of



the retrograde atrial activation sequence and response to programmed atrial and ventricular stimulation during the tachycardia usually is sufficient to document the presence of an additional A–V bypass tract, as described earlier. Tachycardias associated with atriofascicular and nodofascicular or nodoventricular or slowly conducting A–V bypass tracts can be divided into those with short and long V–H intervals. The types of arrhythmias theoretically possible with nodofascicular and nodoventricular pathways are schematically shown in Figure 10-120. Short V–H tachycardias may be due to A–V nodal reentry or use of an atriofascicular or nodofascicular bypass tract inserting into the right bundle branch. Positive H–V intervals or those £ 10 msec suggest A–V nodal reentry. An associated H–A £ 50 msec further suports this mechanism. Long V–H tachycardias are believed to represent macro-reentrant circuits using the left bundle for retrograde conduction due to the presence of retrograde, with or without anterograde, right bundle branch block. The difference in the retrograde activation patterns between short and long V–H tachycardias is shown in Figure 10-121. There is no a priori reason why an individual cannot have more than one of these mechanisms operative ( Fig. 10-122). The methods to distinguish among these possibilities are discussed later.



FIG. 10-120. Types of arrhythmias possible using atrio- or nodofascicular and nodoventricular or decrementally conducting A–V or slowly conducting A–V bypass tracts.



FIG. 10-121. Effect of right bundle branch block on SVT using an atriofascicular pathway. Leads I, II, and V1 are shown with recordings from the right atrium (RA), mid coronary sinus (CS), proximal (p), mid (m), and distal (d) His bundle (HB), and recordings of the right bundle (RB) at the proximal and distal mid RV septum (RVMSp and RVMSd), and at the free wall of the RV near the apex (RVA). During the SVT on the left (A) conduction goes over the atriofascicular pathway to the RB at the RVA and retrogradely conducts to the HB giving rise to a short V–H SVT with a cycle length of 315 msec. Anterograde conduction down the pathway to the RB is 215 msec and from RVA to A in the HB is 105 msec. When right bundle branch block occurs (B) proximal to the RB at the RVA, transseptal activation occurs prior to retrograde activation over the left bundle branch with subsequent retrograde activation of the HB and anterograde activation of the proximal RB along the RVMS to the site of block. This results in a longer cycle length because of a longer route of retrograde conduction (RB-A = 160 msec). Anterograde conduction down the atriofascicular pathway is shorter due to the longer cycle length of the tachycardia. See text for discussion. (From: McClelland JH, Wang X, Beckman KJ, et al. Radiofrequency catheter ablation of right atriofascicular (mahaim) accessory pathways guided by accessory pathway activation potentials. Circ 1994;89:2655–2666.)



FIG. 10-122. Short V–H and long V–H tachycardias. A. A typical patient with a short V–H tachycardia is shown. The V–H interval is 23 msec. B. (top) A long V–H tachycardia in which the V–H is 95 ms and the His bundle is inscribed after the ventricular deflection. (bottom) A short V–H tachycardia in the same patient. The cycle length of the tachycardia is 60 ms shorter. See text. ESO = esophageal electrogram. (Adapted from: Ellenbogen KA, Ramirez NM, Packer DL, et al. Accessory nodoventricular (Mahaim) fibers: a clinical review. PACE 1986;9:868.)



In all of our patients with short V–H tachycardias, we have documented dual A–V nodal pathways antegradely or retrogradely. This has led some investigators to consider all short V–H tachycardias as being due to A–V nodal reentry, with the atrio- or nodofascicular or long atrioventricular bypass tract acting as an innocent bystander (146). Although dual A–V nodal pathways have been present in almost all such patients whom we have studied, the clinical rhythms have been due to both A–V nodal reentry incorporating an innocent bystander atrio- or nodofascicular or long atrioventricular bypass tract and reentry using one of these bypass tracts as the antegrade limb of the reentrant circuit. These mechanisms can be very difficult to distinguish, and both may be present in individual patients. Atrial or ventricular extrastimuli can initiate both tachycardia mechanisms. In patients with A–V nodal reentry, induction by atrial extrastimuli is always associated with a dual-pathway response, which may not be seen if the impulse traverses the atrio- or nodofascicular or long atrioventricular bypass tract antegradely and captures the His bundle retrogradely before it is antegradely activated by the impulse traversing the slow pathway. In other instances, a jump may be seen such that the antegrade His follows the QRS with a typical A–V nodal echo to initiate SVT. This is analogous to 1:2 conduction initiating preexcited tachycardias over an A–V bypass tract (see Fig. 10-27). In this instance, the first complex and all subsequent complexes are due to conduction over an atriofascicular or long atrioventricular bypass tract such that the impulse reaches the ventricle before the same impulse reaches the His bundle over the slow pathway. This results in ventricular activation over the bypass tract and atrial activation as a result of an A–V nodal echo. The process repeats, and sustained A–V nodal reentry is associated with a maximally preexcited tachycardia with a left bundle configuration. This pattern is less likely to occur with a nodofascicular bypass tract because of early retrograde activation of the His bundle and A–V node that can preempt A–V nodal reentry. As demonstrated by the case shown in Figure 10-27, A–V nodal reentry can be associated with a “long V–H” tachycardia or a “short V–H.” No fusion is seen, because the ventricles will be refractory to any activation over the normal pathway. This mechanism is similar to that described previously in this chapter, with 1:2 conduction initiating orthodromic tachycardia or, more analogously, antidromic tachycardia. Initiation by ventricular extrastimuli more readily affords one the opportunity to assess whether or not the nodofascicular bypass tract is an innocent bystander. In Figure 10-106, a VPD initiates SVT. The rapid V–A conduction over the His-Purkinje with turnaround down the slow pathway documents the presence of dual pathways. The question arises whether the nodofascicular bypass tract is an innocent bystander or is participating in the tachycardia. One of the important methods



used to distinguish the two is by comparing the H–A interval during initiation of the tachycardia by ventricular extrastimuli or during ventricular pacing with the H–A interval during the tachycardia. In Figure 10-123, the H–A interval is longer with the initiating VPD than during the tachycardia. This occurs despite the fact that the interval from the last depolarization of the His bundle of the second sinus beat to the retrograde His bundle in response to VPD actually exceeds the H–H intervals during the tachycardia. Because the A–V node usually exhibits greater decremental conduction with repetitive engagement of impulses than to a single impulse at similar coupling intervals, the more prolonged H–A with the initiating VPD suggests that the sustained arrhythmia is A–V nodal reentry. If an atriofascicular, nodofascicular, or long atrioventricular bypass tract were used as the anterograde limb of the circuit, the H–A interval during ventricular pacing or the ventricular extrastimulus initiating it (particularly at comparable coupling intervals as the cycle length of the tachycardia) should have the same H–A interval as that observed during the tachycardia. Another important distinguishing feature is the V–H interval. If the V–H interval during the tachycardia is significantly less than the H–V interval and the V–H interval during pacing at the right ventricular apex, a nodoventricular or slowly conducting atrioventricular bypass tract (that inserts far from the right bundle branch) is excluded, because conduction from the ventricle back to the His always exceeds the H–V by the time it takes the impulse to reach the right bundle branch from the site of ventricular stimulation. Thus, in my opinion, a true nodoventricular or slowly conducting short atrioventricular fiber can never be obligatorily involved in a short V–H tachycardia. Atrial or ventricular extrastimuli can sometimes reveal that a short V–H tachvcardia is due to A–V nodal reentry. This is shown in Figure 10-124, where A–V nodal reentry with a right bundle branch block pattern is present on the left and is converted to a left bundle branch block-type tachycardia by a single ventricular complex without any change in the A–A interval. If an atriofascicular, long atrioventricular, or nodofascicular bypass tract were incorporated in the circuit in a patient with right bundle branch block, a long V–H tachycardia should be present because the impulse cannot reach the His bundle over the right bundle branch. The presence of a short V–H tachycardia in such instances should suggest A–V nodal reentry with an innocent bystander bypass tract. A fixed short V–H during atrial pacing-induced entrainment of SVT ( Fig. 10-125) suggests that a nodofascicular, atriofascicular, or long atrioventricular bypass tract is present or atrioventricular but does not exclude A–V nodal reentry with an innocent bystander bypass tract.



FIG. 10-123. Initiation of dual A–V nodal pathways and A–V nodal reentry with innocent bystander Mahaim with a VPD. Following two sinus complexes, a VPD (arrow) initiates a short V–H tachycardia. With the VPD, a retrograde His bundle deflection is seen, as is rapid conduction to the atrium over a fast A–V nodal pathway. The impulse turns around in the A–V node and conducts antegradely down the slow pathway from which the nodofascicular bypass tract takes off to excite the ventricles. At this time, perpetuation of the tachycardia is seen with retrograde conduction over the fast pathway and antegrade conduction over the slow pathway. Note that the H–A interval response to the VPD is longer than the H–A interval during the tachycardia, despite the fact that the tachycardia cycle length, and hence, input to the fast pathway, is shorter than the H–H interval at the time of the VPD. See text for discussion.



FIG. 10-124. Demonstration of A–V nodal reentry with innocent bystander atriofascicular bypass tract. On the left, typical A–V nodal reentry is present with retrograde atrial activation occurring with the QRS, which manifests RBBB. The H–V is normal at 35 msec. Following a timed (PVC), conduction now proceeds antegradely over an atriofascicular bypass tract with a fixed V–H interval of 15 msec. The H–H, H–A, and A–A intervals remain constant before and after the PVC. See text for discussion. (From: Gallagher JJ, Selle JG, Sealy WC, et al. Variants of preexcitation. Update 1989. In: Zipes DP, Jaliffe J, eds. Cardiac electrophysiology from cell to bedside. Philadelphia: WB Saunders, 1990:460.)



FIG. 10-125. Entrainment of atriofascicular-nodal reentry. Atrial pacing from the CS at a PCL of 300 msec is shown on the left. The V–H interval remains fixed. On cessation of pacing, in the middle of the panel, the return cycle is also 300 msec, with the V–H remaining fixed and short. The ability to entrain the tachycardia with a fixed V–H interval during pacing that is identical to that during the first unpaced tachycardia supports the diagnosis of an atriofascicular bypass tract participating in the circuit. See text for discussion.



Tachycardias due to atriofascicular bypass tracts may be very difficult to distinguish from those due to nodofascicular bypass tracts. While V–A block or V–A dissociation excludes the participation of a slowly conducting atriofascicular bypass tract, this is a rare finding ( 45,150,151,152 and 153). As previously noted, the relationship of preexcitation to dual pathways favors a nodofascicular tract. The presence of a slowly conducting atriofascicular bypass tract can be demonstrated if (a) the site of atrial pacing influenced the PR interval without affecting the degree of preexcitation and/or (b) atrial stimulation from the free wall delivered after the A–V junctional atrium was depolarized could advance the tachycardia ( 45,46). This latter finding, particularly when associated with maintenance of the V–H–A sequence of the reset complex, excludes A–V nodal reentry (Fig. 10-126). Of the mechanisms of reentry, “classic” fascicular-nodal (i.e., nodofascicular-nodal reentry or atriofascicular-nodal atrial reentry), and A–V nodal reentry with an innocent bystander nodofascicular tract are the most common.



FIG. 10-126. Proof of atriofascicular pathway participation in the reentrant circuit. SVT with a left bundle branch block appearance is present with a short V–H interval. An APC is delivered from the HRA which advances the ventricular complex without altering atrial activation in the region of the A–V node (A in HBE, all CS recordings, and those from the “slow pathway”[SP] occur on time). Subsequent atrial activation follows the reset ventricular complex with the same activation sequence and timing. See text for discussion. V= ventricle. AVJ A EGM= atrial electrogram from A–V junction. BT = bypass tract.



Long V–H tachycardias are generally believed to represent a macro-reentrant circuit incorporating the left bundle branch retrogradely and either an atriofascicular, nodofascicular, slowly conducting A–V, or nodoventricular bypass tract anterogradely. Retrograde block in the proximal right bundle branch is associated with antegrade conduction over the distal right bundle branch or right ventricle with subsequent retrograde activation over the left bundle branch (see Fig. 10-120, Fig. 10-121 and Fig. 10-122). However, A–V nodal reentry can theoretically also produce a long V–H tachycardia if a rapidly conducting nodoventricular bypass tract takes off from the proximal part of the slow pathway to activate the ventricles prior to the time the His is activated anterogradely. Some patients may have several of these proposed mechanisms (15,16,18,19). An example of a patient who had A–V nodal reentry with narrow QRS complexes, A–V nodal reentry with antegrade conduction over a bystander nodofascicular bypass tract, and typical short V–H nodofascicular reentry is shown in Figure 10-127. In this figure, although the V–A interval is longer, the H–A interval is the same when antegrade activation occurs over a bystander atriofascicular bypass tract compared to A–V nodal reentry with a normal QRS. When atriofascicular or nodofascicular nodal reentry occurs, both the V–H and the V–A (in the HBE) are longer than in A–V nodal reentry with a narrow complex. Nodoventricular fibers can theoretically have an intermediate V–H interval if conduction antegradely proceeds over the nodoventricular bypass tract and goes retrogradely to the atrium over the right bundle branch system. In this case, the V–H will be slightly longer than V–H during ventricular pacing from the midseptum. The identical pattern can be observed with a circuit using a decrementally conducting A–V bypass tract. Table 10-11 and Table 10-12 review V–H criteria as a means of distinguishing tachycardia types, and Table 10-11 lists the specific criteria for the different tachycardia types discussed previously.



FIG. 10-127. Innocent bystander atriofascicular bypass tract and participating atriofascicular bypass tract in reentrant SVT. A. A–V nodal reentry is present with classic H–A and A–V relationships. B. The same tachycardia is present but with innocent bystander participation of an atriofascicular bypass tract. Note the H–A interval is identical with that during typical A–V nodal reentry in (A). With bystander atriofascicular bypass tract, the V–H is 16 msec. C. Atriofascicular nodal reentry using the atriofascicular bypass tract is shown in the same patient. Here, activation of the right bundle precedes His bundle activation. The H–A during this tachycardia is prolonged to 95 msec in the HBE, and the tachycardia cycle length is increased to 320 msec. See text for discussion.



TABLE 10-11. Tachycardia Types



TABLE 10-12. Electrophysiologic Features of Tachycardias Associated with Atrio/Nodofascicular Bypass Tracts and Atrio/Nodoventricular Bypass Tracts



Fusion to the QRS can be seen during sinus rhythm and atrial pacing up to a point, but fusion is almost never present during SVT. Theoretically, fusion could result during A–V nodal reentry with an innocent bystander nodofascicular bypass tract if antegrade conduction through the A–V node and left bundle occurred with simultaneous antegrade ventricular activation over the right bundle branch via an atriofascicular or nodofascicular bypass tract. In that case, varying degrees of delay



in the A–V node could result in varying degrees of activation of the left ventricle over the left bundle branch system. Because activation over the right bundle branch would remain fixed, the QRS may vary. Fusion could not occur if the His bundle was activated retrogradely during the tachycardia. Fusion is also theoretically possible in typical short V–H nodofascicular-nodal reentry (or reentry using an atriofascicular tract), if retrograde conduction from the site of insertion in the right bundle branch system reached the His bundle and conducted antegradely down the left bundle branch. Any decremental conduction in the right bundle branch in the retrograde direction could influence the degree to which the entire QRS depends on antegrade activation over the right bundle branch. As mentioned earlier, however, fusion virtually never occurs during SVT using a bypass tract as the anterograde limb. The explanation for this absence of fusion is probably related to the fact that atriofascicular and nodofascicular bypass tracts enter the right bundle branch and conduct retrogradely to capture the His bundle before its antegrade activation over the slow pathway, or to collide with this antegrade impulse. Fusion is usually not seen because the left ventricle is engaged and activated by transeptal conduction prior to the time the impulse retrogradely goes up the right bundle branch and down the left bundle branch (80–100 msec). Absence of fusion, however, is mandated during tachycardias using atriofascicular, nodofascicular, or atrioventricular bypass tracts in which retrograde block in the right bundle branch system occurs (long V–H SVT), because the left bundle is used retrogradely. Absence of fusion would also occur if left bundle branch block were present during sinus rhythm. In this case, during SVT both right and left ventricular activation would occur via the bypass tract and/or over the right bundle branch. Thus, only when a nodoventricular or slowly conducting atrioventricular bypass tract is operative as an innocent bystander during A–V nodal reentry is fusion likely. The fact that fusion is present can be demonstrated by altering A–V nodal conduction below the takeoff of the nodoventricular tract or by producing 2:1 block below the lower final common pathway in the A–V node, as described in Chapter 8. Once the contribution of ventricular activation over the normal A–V conducting system is eliminated, total preexcitation must be present. Some investigators have recently suggested that nodofascicular are really slowly conducting typical atrioventricular bypass tracts ( 22,44). The latter bypass tracts make up perhaps 15% to 20% of decremental anterogradely conducting bypass tracts, and should not be confused with nodofascicular bypass tracts. Nodofascicular bypass tracts are characterized by (a) the presence of A–V dissociation with persistence of the tachycardia in nodofascicular bypass tracts ( 15,16,19,45,150,152,153 and 154); (b) the presence of a short V–H interval (i.e., V–H < H–V) that remains fixed during atrial pacing at incremental rates and in response to programmed atrial extrastimuli (particularly if one can document that this fixed relationship is associated with a reversal of the activation of the His and right bundle branch); (c) an increasing P–R interval with a fixed V–H and no change in the degree of preexcitation; and (d) most mapping demonstrate earliest excitation at the apical anterior right ventricular wall, where the right bundle branch usually initiates ventricular activation, and not at the A–V groove ( 20,45,155). In contrast to short decrementally conducting atrioventricular bypass tracts, long, insulated bypass tract extending from the A–V ring to the midanterior wall (approximately 6 cm) theoretically have been documented by Hassaguere et al. (20) and are clinically similar to atriofascicular bypass tracts. Slowly conducting short A–V bypass tracts demonstrate, by definition, earliest ventricular excitation should be located along the A–V ring ( 45,155). Certainly, all slowly conducting concealed atrioventricular bypass tracts are located around the A–V rings. The vast majority of pathways that demonstrate earliest activation at the apical free wall of the right ventricle are slowly conducting atriofascicular bypass tracts and long atrioventricular bypass tracts. Rarely are nodofascicular tracts responsible for this type of ventricular activation. Because rapidly and/or slowly conducting A–V bypass tracts (concealed or manifest) may also be present in individual patients with anerogradely decrementally conducting bypass tracts, complex reentrant circuits may be seen. We have observed additional A–V bypass tracts in 5/38 patients with decrementally conducting A–V (or fascicular) or nodoventricular (or fascicular) bypass tracts ( Fig. 10-128, Fig. 10-129).



FIG. 10-128. Circus movement tachycardia using a nodofascicular bypass tract antegradely and a posteroseptal bypass tract retrogradely. A short V–H tachycardia is present during the first two complexes. Following the second complex, a ventricular extrastimulus (not shown) is delivered, which preexcites the atrium without influencing the antegrade His deflection. The tachycardia is reset, and the reset complex has the same V–H and H–A intervals as the rest of the SVT. The activation sequence suggests that a posteroseptal bypass tract is present and participates in the tachycardia circuit. (From: Lerman BB, Waxman HL, Proclemer A, Josephson ME. Supraventricular tachycardia associated with nodoventricular and concealed atrioventricular bypass tracts. Am Heart J 1962;104:1097.)



FIG. 10-129. Atriofascicular reentry using a left lateral bypass tract. Five surface leads and electrograms from the HRA, RBE, HBE, LRA, and CS are shown. On the left, the tachycardia circuit consists of antegrade conduction over the atriofascicular bypass tract with retrograde activation of the RB and H. Following ventricular activation over the RBB, retrograde conduction occurs over a left lateral bypass tract (CS earliest) with a V–A interval of 230 msec. Following a VPC (S, arrow), block in the atriofascicular bypass tract occurs with a normalization of the QRS and the H-RB sequence. A slight change in retrograde activation occurs, but it is still over the left lateral bypass tract. The V–A interval shortens to 215 msec with normalization of the QRS. See text for discussion.



The diagnosis of a retrogradely functioning nodoventricular or nodofascicular bypass tract is extremely difficult if one-to-one V–A association is present. It requires the demonstration of retrograde atrial preexcitation or postexcitation (delay of subsequent atrial activation) by ventricular extrastimuli introduced during SVT without disturbing the timing of the His bundle. This is analogous to stimulation during orthodromic tachycardia using A–V bypass tracts (see Chap. 8 and the preceding discussion of the role of the bypass tract in the genesis of arrhythmias). The V–H is longer in nodoventricular bypass tracts, but overlap may exist. Depending on the prematurity of the ventricular extrastimulus, V–A delay can occur because the impulse must traverse some portion of the A–V node. Therefore, instead of “preexcitation” of the atria, which is possible at long coupling intervals, V–A prolongation would be likely to occur in response to an earlier ventricular extrastimulus. This in and of itself, however, is not diagnostic of a nodoventricular or a nodofascicular bypass tract, because slowly conducting concealed A–V bypass tracts behave in a similar fashion (see Chap. 8). A clue to a nodofascicular pass tract is the slowing of the tachycardia with the development of spontaneous, catheter, or stimulation-induced right bundle branch block. Only the ability to demonstrate A–V dissociation with persistence of the tachycardia could distinguish a retrogradely conducting nodofascicular or nodoventricular bypass tract from a slowly conducting atrioventricular bypass tract as the retrograde limb of the circuit. In sum, the bulk of evidence suggests that the vast majority of anterogradely, decrementally conducting bypass tracts insert into or adjacent to the distal right bundle branch and arise from the atrium. They should therefore be more appropriately called slowly conducting atriofascicular or long atrioventricular bypass tracts. These can produce short V–H and long V–H tachycardias, and they can function as innocent bystanders during A–V nodal reentry. True nodoventricular or nodofascicular bypass tracts with insertion into the right ventricular myocardium or right bundle branch are less common. Slowly conducting short atrioventricular bypass tracts are of intermediate frequency. Although much attention has been focused on reentrant arrhythmias using a bypass tract—either passively as a bystander or incorporating it into the circuit—other arrhythmias can occur. Atrial flutter-fibrillation may occur in such patients, and varying degrees of preexcitation will be observed, depending on



the site of takeoff from the A–V node of the bypass tract and the relative delays in the A–V node above and below the takeoff site. Therapeutic Implications In the vast majority of patients with tachycardias using these “Mahaim variant” bypass tracts, the rhythm can be terminated by either atrial or ventricular pacing ( Fig. 10-130 and Fig. 10-131). Antegrade block is always produced in the A–V node with or without block in the bypass tract. Although some authors ( 15,19) suggest that termination by ventricular extrastimuli only occurs when a retrograde His bundle is not seen, we have not found this to be the case. In Figure 10-131, retrograde capture of the His bundle and conduction over the fast A–V nodal pathway results in block in the atriofascicular pathway and perhaps in a slow pathway, if present, in response to early retrograde atrial activation, and termination of SVT. Termination of the tachyarrhythmia may also occur with ventricular stimulation by retrograde invasion of the atriofascicular bypass tract resulting in anterograde block following conduction to the atrium over the A–V node. The ease of termination of programmed stimulation suggests that an antitachycardia pacemaker may be useful in management of this arrhythmia, but in our experience it is unnecessary. These tachycardias respond readily to calcium blockers ( Fig. 10-132) and other drugs that affect A–V nodal conduction, e.g., adenosine (see Fig. 10-118). Invariably, in response to beta-blockers or calcium-blockers, the tachycardia slows without any change in the fixed short V–H before block, which must occur above the site of takeoff from the A–V node. These findings also suggest that in cases where slowly conducting atriofascicular bypass tracts are operative, they have A–V nodal-like properties. Sometimes, as with A–V nodal reentry, Type I agents produce retrograde block in the fast pathway and prevent the arrhythmia. We have also found Type I agents to be useful in blocking the bypass tract, a response that may enable one to make the diagnosis of A–V nodal reentry with an innocent bystander bypass tract. More recently, ablation of the atriofascicular bypass tract guided by accessory pathway potentials has been employed ( 19,20,146,147,151). Distal ablation of the ventricular insertion is less successful ( 149). Ablation at the A–V ring for slowly conducting short A–V pathways and of the ventricular septum adjacent to the A–V junction for nodoventricular pathways have been described.



FIG. 10-130. Termination of an atriofascicular reentrant tachycardia by an APD. During the tachycardia using an atriofascicular bypass tract, an APD (arrow) delivered from the RAA terminates the tachycardia by block in the bypass tract.



FIG. 10-131. Termination of SVT using an atriofascicular bypass tract by a VPD. Following two complexes of SVT, a ventricular extrastimulus delivered from the RVA retrogradely captures the His deflection and conducts to the atrium. The impulse then blocks antegradely in the atriofascicular pathway. See text for discussion.



FIG. 10-132. Termination of SVT using an atriofascicular bypass tract with verapamil. The tracing is continuous. Following 10 mg of verapamil IV, the tachycardia slows gradually and terminates. Note that the tachy-cardia slowing is related to an increase in the P–R and A–H interval. The V–H and degree of preexcitation remain fixed. This suggests that the site of action of verapamil is in the atriofascicular bypass tract. See text for discussion.



Fasciculoventricular Bypass Tracts Fasciculoventricular bypass tracts are the rarest form of preexcitation. In nearly 30 years of practicing electrophysiology I have personally observed two cases and have seen a third studied by a collleague. Gallagher et al. ( 15) and Ganz et al. (156) have documented the presence of such fibers, which should be easy to diagnose. Preexcitation should be present with normal P–R and A–H intervals and a short H–V (His-to-delta wave) interval. Atrial pacing prolongs the P–R interval owing to A–V nodal delay but will not change the degree of preexcitation because the fiber takes off from the His-Purkinje system. Junctional rhythms or His extrasystoles should be associated with a similar degree of preexcitation and short H–V interval ( Fig. 10-133). In contrast to atrioventricular, atriofascicular, and nodofascicular bypass tracts, His bundle stimulation should result in a preexcited QRS with a short H–V interval. In a patient with preexcitation, if atrial pacing produces an increase in the A–H interval without a change in the short H–V interval (H before RB), and no change in the degree of preexcitation, a fasciculoventricular bypass tract is present. A–V nodal Wenckebach should be associated with loss of preexcitation and A–V conduction ( Fig. 10-134). The degree of preexcitation generally remains fixed, unless delay in the His-Purkinje system below the takeoff of the bypass tract occurs. Theoretically, such a delay, which may be produced by APDs or drugs, may result in a greater degree of preexcitation. In contrast to A–V and nodofascicular bypass tracts, His bundle stimulation should result in a preexcited QRS with a short H–V interval. Conversely, if delay occurs in a bundle branch proximal to the takeoff of a fasciculoventricular bypass tract, preexcitation will decrease owing to a greater degree of ventricular activation over the contralateral bundle branch. Block of conduction in fasciculoventricular bypass tracts can be observed in response to atrial extrastimuli in which case there will be sudden H–V prolongation (to normal) with loss of preexcitation ( Fig. 10-135). Few fasciculoventricular bypass tracts have been reported, but to date, none have been incorporated into a circus movement SVT. They appear to be only an electrocardiographic and electrophysiologic curiosity. Even during atrial flutter and fibrillation rapid ventricular responses are not expected in the presence of a normal A–V node proximal to the bypass tract. Thus, because it is not directly responsible for arrhythmias, this form of preexcitation does not require treatment.



FIG. 10-133. Recordings of a fasciculoventricular bypass tract during sinus and junctional rhythms. Leads I, aVf, and V1 are shown with intacardiac recordings from the HRA, HBE, CS, and RVA. Preexcitation (note delta wave) is present with an identical, short H–V interval (20 msec) during both sinus and junctional rhythm. This is diagnostic of a fasciculoventricular bypass tract. (From: Ganz LI, Elson JJ, Chenarides JG. Preexcitation in a child with syncope: where is the connection? J Cardiovasc Electrophysiol 1998;9:892–895.)



FIG. 10-134. Loss of preexcitation over a fasciculoventricular bypass tract during pacing-induced A–V nodal Wenckebach. The tracing is organized as in Fig. 10-133. During atrial pacing at a cycle length of 500 msec results in A–V nodal Wenckbach. Preexcitation is lost with A–V nodal block. This is characteristic of a fasciculoventricular bypass tract. See text for discussion. (From: Ganz LI, Elson JJ, Chenarides JG. Preexcitation in a child with syncope: where is the connection? J Cardiovasc Electrophysiol 1998;9:892–895.)



FIG. 10-135. Effect of atrial stimulation on a fasciculoventricular bypass tract. The figure is organized in Fig. 10-134. During atrial pacing (S1–S1) at a cycle length of 400 msec an atrial extrastimulus (S2) is delivered at a coupling interval of 290 msec. During the pacing drive (S1) preexcitation is present with an H–V interval of 20 msec. Following S2, block in the fasciculoventricular bypass tract occurs, which is associated with a prolongation of the H–V interval to 45 msec. See text for discussion. (From: Ganz LI, Elson JJ, Chenarides JG. Preexcitation in a child with syncope: where is the connection? J Cardiovasc Electrophysiol 1998;9:892–895.)
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This chapter will be divided into discrete sections: (a) definitions; (b) pathophysiologic substrates and mechanisms of tachycardias; and (c) electrophysiologic studies—modes of initiation, response to stimulation, effects of drugs, and localizing the origin of ventricular tachycardia (VT). Ventricular tachycardias encompass a spectrum of arrhythmias that range from nonsustained, asymptomatic VT to sustained arrhythmias, which can produce hemodynamic compromise and cardiac arrest. These tachycardias may be uniform in morphology (i.e., monomorphic) or polymorphic. Ventricular tachycardia most often occurs in the setting of some form of cardiac disease. Although chronic ischemic heart disease, especially that associated with prior infarction and aneurysm formation, is the most common cardiac disorder associated with VT (particularly sustained, monomorphic VT), these arrhythmias can occur in patients with a variety of disorders, such as cardiomyopathy, congenital and valvular heart disease, drug toxicity, metabolic disorders, long QT interval syndromes, or even in structurally normal hearts. In contrast to patients with monomorphic sustained VT, which is primarily associated with coronary artery disease (³90%), patients presenting with nonsustained arrhythmias (monomorphic or polymorphic) and cardiac arrest are more heterogeneous groups. Occasionally, any of these forms of VT can occur in patients with normal hearts. Sustained monomorphic VT can be characterized by electrophysiologic techniques. The results of electrophysiologic testing in patients with nonsustained VT, polymorphic VT, and status post cardiac arrest are more difficult to interpret. In patients with coronary artery disease, particularly when associated with prior infarction, most VTs, regardless of the duration or morphology, appear to have a similar pathophysiologic substrate, and probably a similar mechanism. The evidence supporting this includes the ability to change either nonsustained monomorphic VT or polymorphic VT into sustained uniform VT by different modes of programmed stimulation and/or by the addition of drugs that slow conduction. These and other observations concerning mechanism are discussed in detail later in this chapter. Over the past two decades, electrophysiologic studies have been responsible for a greater understanding of ventricular arrhythmias. This has led to major advances in their pharmacologic and nonpharmacologic therapy. The present chapter discusses the methods of studying ventricular arrhythmias. Much of this chapter concentrates on electrophysiologic studies of sustained monomorphic VT. In addition, the application of electrophysiologic studies to patients who present with nonsustained VT or cardiac arrest is addressed. It is imperative that clinicians and clinical investigators recognize that the study of ventricular arrhythmias is still evolving. The clinical application of electrophysiologic studies has been established only for ventricular arrhythmias in patients with chronic ischemic heart disease and for those patients with sustained monomorphic VT in the absence of coronary artery disease. The role of electrophysiologic studies in evaluating nonsustained and/or polymorphic arrhythmias associated with metabolic disorders, drug toxicity, cardiomyopathy, and so on is not yet established. A discussion of our current level of understanding of this issue is included and detailed later. The principal goals of the electrophysiologic study in the evaluation of VT are (a) confirming the diagnosis of VT, (b) defining the mechanism of arrhythmia, (c) localizing the site of origin, and (d) evaluating the efficacy of pharmacologic or nonpharmacologic (pacemaker, defibrillator, or ablation by either catheter or surgery) therapeutic methods. In this chapter we deal with the first three goals. The last goal is discussed in subsequent chapters.



DEFINITIONS OF VENTRICULAR TACHYCARDIAS The definitions employed by electrophysiology laboratories are arbitrary but provide a useful framework for both the clinician and the electrophysiologist to distinguish “pathologic” responses from “normal” expected responses ( 1,2). Morphology Monomorphic VT has a single, stable QRS morphology. Polymorphic or multiform VT has a changing QRS morphology. How often the complexes must change to qualify as polymorphic is unsettled. For practical purposes, we consider a tachycardia polymorphic if it has no constant morphology for more than five complexes, has no clear isoelectric baseline, or has QRS complexes that are asynchronous in multiple simultaneously recorded leads. Polymorphic VT may be seen with long or normal QT intervals. The term torsades de pointes was originally meant to be employed for a clinical syndrome that includes polymorphic tachycardia and long QT intervals, due to reversible causes such as hypokalemia, bradycardia, or drug toxicity ( 3,4). These arrhythmias must be distinguished from polymorphic tachycardias with normal QT intervals and those associated with hereditary long QT intervals. Regardless of the cause, polymorphic VT frequently degenerates into ventricular fibrillation (VF). Rapid sustained monomorphic VT can also degenerate into VF, usually following a stage of polymorphic tachycardia. This is a fairly common mechanism of sudden cardiac death recorded by Holter monitor ( 5,6 and 7). This observation suggests a link between monomorphic sustained VT and VF and provides a rationale for using suppression of induced VT as a goal for therapy in patients with cardiac arrest (see Chap. 12). Duration Most laboratories consider a tachycardia sustained if it lasts ³30 seconds. Because many tachycardias require therapy before 30 seconds, some investigators have used 15 seconds as the duration required for a “sustained” VT. In point of fact, most tachycardias that last 15 seconds continue for 30 seconds. The requirement of a specified duration may have practical significance with the development of implantable cardioverter-defibrillators (ICDs), which can be programmed to deliver anticardia pacing (ATP), cardioversion, or defibrillation based on the duration of the VT. The number of complexes required to define a clinically relevant induced nonsustained VT is not established. Three consecutive complexes at a rate greater than 100 is sufficient for the diagnosis of a nonsustained VT noted on Holter monitor or on standard ECG. In the electrophysiology laboratory, we require five or six consecutive, nonbundle branch reentrant complexes, regardless of morphology, to qualify as a nonsustained VT. The frequency (»50%) of bundle branch reentry in normals in response to a single programmed ventricular extrastimulus (see Chap. 2) mandates our discounting such complexes. These bundle branch reentrant complexes have no relevance to clinical nonsustained VT. Repetitive polymorphic responses are also very common (up to 50%), particularly when multiple (³3) extrastimuli are used with extremely short coupling intervals (


1



(8,9). Left bundle branch



block (LBBB) morphologies include a QS, rS, or a qrS in V 1. Right bundle branch block (RBBB) patterns are defined by rsR', qR, RR', RS, or monophasic R waves in V1 (8,9). The clinical significance and results of electrophysiologic evaluations for these tachycardias are discussed in subsequent paragraphs. Patients may have more than one monomorphic VT, which can evolve one from the other or can occur individually at separate times.



DIAGNOSIS OF VENTRICULAR TACHYCARDIA Several electrocardiographic observations have been proposed as diagnostic of VT. These have been recently reviewed by Miller et al. ( 10). These include a QRS complex exceeding 0.14 seconds in duration for RBBB VTs and 0.16 seconds for LBBB VTs in the absence of drugs, a superior frontal plane QRS axis in RBBB VTs and a right inferior axis in LBBB VTs, atrioventricular (A–V) dissociation, fusion complexes, supraventricular captures, and specific morphologic features of the QRS in V1–2 and V6 for both RBBB (monophasic R, qR, Rr', and RS in V 1 and RS ratio 


FIG. 11-1. Intracardiac recording during ventricular tachycardia. From top to bottom: ECG leads 1, aVF, and V, and electrograms from the high-right atrium (HRA), His bundle region (HBE), right ventricular apex (RVA), and left ventricular apex (LVA). T = time lines. Note the absence of His bundle deflections and variable retrograde conduction. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 2. Endocardial mapping. Circ 1978;57:440.)



FIG. 11-2. Ventricular tachycardia with a short V–H interval. Five surface ECGs are shown with electrograms from the RVA and His bundle region (HIS). Note that the His bundle activation occurred 41 msec after the onset of the QRS. Retrograde block in the A–V node is present because atrial activation is dissociated from the tachycardia. See text for discussion.



FIG. 11-3. Ventricular tachycardia (VT) with a long V–H interval. VT with a right bundle branch block superior axis is shown with five ECG leads and intracardiac recordings from the HBE and right ventricle (RV). T is shown on the bottom. The dotted vertical line marks the onset of the QRS and the vertical arrow marks the offset. Note that the V–H interval during the tachycardia is seen 140 msec following the ORS. The QRS is 153 msec in duration, and the cycle length of the tachycardia is 342 msec. See text for discussion.



FIG. 11-4. Two to one retrograde activation of the His bundle. Three surface leads and electrograms from the HRA, HBE, and RV are shown. A. Sinus rhythm is present. B. VT is present. Note that during VT 2:1 retrograde conduction to the His bundle is observed without conduction through the A–V node to the atrium.



FIG. 11-5. Retrograde Wenckebach in the His-Purkinje system. VT is present. Five surface ECG leads are shown with electrograms from the RVA and His bundle region. The second, third, and fourth QRS complexes are associated with short V–H interval, a longer V–H interval, and no V–H interval as block occurs between the ventricle and the His bundle recording. The pattern is repeated in the next three complexes. Thus, 3:2 retrograde conduction to the His bundle is present. Note that this occurs without a change in the QRS morphology and duration or the VT cycle length.



If His bundle deflections are not seen, one must differentiate absence of retrograde activation of the His-Purkinje system from retrograde activation that is obscured by the large amplitude of the ventricular electrogram. This can be fortuitously observed if a sinus impulse conducts antegradely to the His bundle producing a clear His deflection. Atrial pacing and/or atrial extrastimuli can be used to evaluate the presence of retrograde His-Purkinje activation during VT. Supraventricular capture of the His bundle may occur in the absence (Fig. 11-6) or presence (Fig. 11-7) of ventricular fusion or sinus captures. In these instances, linking of the His bundle potential to atrial activation proves that they are due to antegrade depolarization and are unrelated to the tachycardia. A changing A–H interval and/or failure to observe antegrade His deflections during VT (with proper catheter position) with A–V dissociation suggest that retrograde conduction through the His-Purkinje system is occurring and producing concealment in the A–V node.



FIG. 11-6. Antegrade depolarization of the His bundle during VT. From top to bottom. ECG leads 1, aVF, and V 1, and electrograms from the HRA, coronary sinus (CS), HBE, and RVA. VT with A–V dissociation is present. The second atrial impulse (A) conducts through the His bundle but fails to alter the tachycardia. The first and third sinus complexes block in the AV node due to retrograde concealment.



FIG. 11-7. Intermittent supraventricular capture of the His bundle and ventricle during VT. VT is present, having a right bundle branch block morphology with left axis deviation Intracardiac recordings from the HRA, CS, HBE, and RVA are shown along with T. Following the second VT complex, the sinus impulse captures the His bundle and part of the ventricle to produce a supraventricular fusion. The next VT cycle returns on time. Two complexes later, another supraventricular fusion is observed, again without influencing the tachycardia. This demonstrates lack of requirement of the His bundle for perpetuation of the tachycardia. See text for discussion.



It is often difficult to determine whether the recorded His deflection is antegrade or retrograde—or for that matter whether an apparent His bundle deflection is really a right bundle branch potential. Two techniques that may be used to clarify the situation are (a) recording right and left bundle branch potentials to demonstrate that their activation begins before His bundle activation and (b) His bundle pacing producing a longer H–V interval than the one noted during the tachycardia. Both of these are extremely difficult to do but can help define the mechanism of His bundle activation and the tachycardia origin. The role of the His-Purkinje system in the genesis of VT is discussed in subsequent paragraphs.



Limitations of His Bundle Recordings for the Diagnosis of Ventricular Tachycardia Certain pitfalls are inherent in the use of His bundle recordings for the diagnosis of VT, as described in the following paragraphs. 1. The inability to record His bundle potentials during the tachycardia most commonly reflects improper catheter position; therefore, verification of proper catheter position is mandatory. The simplest methods for verifying proper catheter position include the following: (a) the immediate appearance of His bundle deflections on termination of the tachycardia, or conversely, disappearance of the His bundle deflection on initiation of the tachycardia, without catheter manipulation; (b) spontaneously occurring or induced supraventricular capture of the His-Purkinje system (with or without ventricular capture) during the tachycardia with the sudden appearance of His bundle deflections; and (c) in the presence of supraventricular capture, H–V intervals comparable to those during sinus rhythm (see Fig. 11-6 and Fig. 11-7). We have found that the use of more closely spaced bipolar electrodes (l to 5 mm apart) facilitate identification of His bundle activity when it occurs within the ventricular electrogram. Using bipolar recordings with an interelectrode distance of 5 mm, we have recorded His-Purkinje activity during the tachycardia in approximately 80% of patients (14). If His deflections are not spontaneously observed during the tachycardia, because of either poor position or obscuration of the His deflection by the ventricular electrogram, rapid atrial pacing can be used to clarify the issue in some cases. If rapid atrial pacing can produce supraventricular capture during the tachycardia—that is, changing the QRS to a sinus QRS—this is diagnostic of VT, regardless of whether the His deflection is seen (proper catheter position) or is not seen (inappropriate catheter position) (Fig. 11-8). Atrial pacing is an active maneuver that may be useful in diagnosing VT even in the absence of recording His bundle electrograms.



FIG. 11-8. Use of atrial pacing during a wide complex tachycardia to diagnose VT. VT is present on the upper left with a left bundle branch block pattern at a cycle length of 520 msec. Atrial pacing is begun ( arrow) at a cycle length of 480 msec, which is gradually reduced to 400 msec. As the atrial paced cycle length decreases, a greater degree of ventricular activation is produced via the normal conducting system. Finally, at 400 msec, the QRS is totally normalized. The ability to normalize the QRS with atrial pacing during a wide complex rhythm is diagnostic of VT. See text for discussion. BCL = basic cycle length.



2. The mere presence of the His bundle deflection before the QRS complex with a “normal” H–V interval is not absolutely reliable evidence that the arrhythmia has a supraventricular origin. The “H–V” interval during VT is usually less than that observed during sinus rhythm; hence, if infranodal conduction delay is present during sinus rhythm, the VT may exist in the presence of an apparently “normal” H–V interval (i.e., 35 to 55 msec), but it will be less than the H–V interval during sinus rhythm. Thus, knowledge of A–V conduction during sinus rhythm may be necessary to define what is a “normal” H–V interval during the tachycardia. The occurrence of an “H–V” (His deflection before the QRS) or a V–H (His deflection after the QRS) interval less than that recorded during sinus rhythm, in the absence of preexcitation, implies the presence of retrograde activation of the His bundle. It further implies that retrograde conduction time from the “origin” or exit of the tachycardia (as defined by the onset of the QRS) to the His bundle is less than “antegrade” conduction time to depolarize the ventricular myocardium. Some investigators (14,15) suggest that the site of origin of such a tachycardia is within the His-Purkinje system. These rhythms have generally been referred to as fascicular rhythms (14,15), although proof that they originate in the fascicles of the conducting system and differ from other forms of VT is often lacking. As stated eartier, preexcited tachycardia using either an A–V or nodoventricular bypass tract must be excluded (see Chap. 10). Two specific circumstances may produce confusing data. The first is a reentrant VT occurring in the setting of a prior infarction. Because ventricular activation (albeit slow enough not to be apparent on the surface ECG) is occurring in diastole, the His-Purkinje system could be activated during this time giving rise to a short V–H or possibly a normal “H–V” interval during the tachycardia. This is schematically shown in Figure 11-9. The time to conduct retrogradely to the His bundle may theoretically be less than the time required to exit from the circuit and produce the onset of the QRS, thereby producing an “H–V” interval. Such tachycardias, which are rare, have “narrow” QRS complexes (Fig. 11-10). It is not rare for a tachycardia to have a V–H interval less than the antegrade H–V interval ( Fig. 11-11). In these instances, the tachycardia does not reflect a fascicular tachycardia but reflects engagement of the His-Purkinje system before the onset of the QRS. Retrograde conduction time over the His-Purkinje system is actually much greater than the “V–H” observed during the tachycardia. Depending on the relative conduction time up the His-Purkinje system and through slowly conducting muscle to give rise to the QRS, the His deflection can occur before, during, or after the QRS.



FIG. 11-9. Relationship of V–H interval to differences in conduction time to the His-Purkinje system and to the rest of the ventricular myocardium. A. A VT circuit is schematically shown surrounded by diseased tissue through which the impulse must propagate slowly before reaching the His-Purkinje system. This results in a long V–H interval. B. The schema shows that propagation of the impulse from the reentrant circuit to the His-Purkinje system is more rapid than that to the remainder of the myocardium, resulting in a short V–H interval. See text for discussion.



FIG. 11-10. Ventricular tachycardia with the His bundle activated before the QRS. VT with a left bundle branch block left axis morphology is shown During the tachycardia, the His deflection is seen 62 msec before the QRS (H–V = 62 or V–H = –62). A–V dissociation is also present. In this instance, conduction to the His-Purkinje was far more rapid than that to the ventricular myocardium, resulting in early His-Purkinje activation. The His-Purkinje system then is used to activate distal ventricular myocardium, producing a narrow QRS. See text for discussion.



FIG. 11-11. Ventricular tachycardia with a short V–H interval. VT with a left bundle branch block left axis deviation is seen with His bundle activation occurring 9 msec following the onset of the QRS. See text for discussion.



The second circumstance that can give rise to VT having an H–V interval greater than or equal to the H–V during sinus rhythm is bundle branch reentrant VT ( 16,17). The mechanism, which is the same as isolated bundle branch reentry discussed in Chapter 2, is discussed in more detail in subsequent paragraphs. When bundle branch reentrant VT has an LBBB morphology, because the reentrant circuit involves the left bundle branch as the retrograde limb and the right bundle branch as the anterograde limb. The circuit may also be reversed giving rise to VT with an RBBB morphology. In the LBBB type of bundle branch reentry, retrograde conduction occurs over the left bundle system with antegrade conduction over the right bundle branch. The His deflection typically occurs before the right bundle deflection with an H–V interval approximating the H–V interval during sinus rhythm. The “H–V” interval may be longer than sinus if there is antegrade conduction delay down the RBB. One theoretically could have prolonged retrograde conduction over the His-Purkinje system, producing a markedly delayed His deflection (very long V–H) appearing as a “normal” H–V interval. In this case, one must demonstrate that the His deflection is not requisite for subsequent ventricular activation and thus is not a reflection of bundle branch reentry. Certain criteria are necessary for the diagnosis of bundle branch reentry, all of which provide some demonstration that retrograde conduction to the His bundle over one bundle branch subsequently leads to antegrade conduction over the contralateral bundle branch to cause the subsequent QRS. Thus, in cases of bundle branch reentry having an LBBB morphology, right ventricular septal activation must precede left ventricular activation. An example of a tachycardia with a His bundle before each QRS that was wrongly considered to be due to bundle branch reentry is shown in Figure 11-12. In this instance, the H–V interval measured to the QRS or to the right ventricular electrogram was greater than 75 msec and exceeded that during sinus rhythm; however, the electrogram recording from the left ventricular apex preceded right ventricular septal activation by 45 msec, therefore excluding bundle branch reentry. For bundle branch reentry with LBBB morhology to occur, the right ventricle must be activated before the left ventricle. The opposite is true for bundle branch reentry with an RBBB pattern. The mechanisms of bundle branch reentry and its variants are discussed in greater detail later in this chapter.



FIG. 11-12. Ventricular tachycardia with an apparent normal H–V interval mimicking bundle branch reentry. During VT with a left bundle branch block and left axis morphology, the His bundle is activated 75 msec before the QRS, which was similar to the HV in sinus rhythm. However, analysis of activation at the left ventricular apical septum (LVA), demonstrates that ventricular activation begins in the left ventricle. Thus, bundle branch reentry is impossible as the mechanism for this arrhythmia. See text for discussion.



PATHOPHYSIOLOGIC SUBSTRATE FOR VENTRICULAR TACHYARRHYTHMIAS Nonsustained VT, hemodynamically tolerated sustained monomorphic VT, and arrhythmias producing cardiac arrest have different anatomic and electrophysiologic substrates. These differences make it mandatory that these arrhythmias not be lumped together in terms of response to stimulation, effects of pharmacologic therapy, and clinical outcome. Anatomic Substrate The most common anatomic substrate for all these arrhythmias is chronic coronary artery disease, usually associated with prior infarction. Arrhythmias that are due to coronary artery disease are the only ones for which we have a reasonable understanding of the pathophysiologic substrate required for their genesis. Although sustained uniform monomorphic tachycardia may occur in the presence of either hypertrophic or idiopathic dilated cardiomyopathy, or even in patients with normal hearts, it is relatively uncommon. In these instances, the pathophysiologic basis for the arrhythmia is infrequently well understood except in certain circumstances such as arrhythmogenic right ventricular dysplasia and catechol-mediated triggered tachycardias. In our experience, cardiac arrest that is due to polymorphic VT and/or VF is ten times as common as hemodynamically tolerated monomorphic sustained VT in patients with either dilated or hypertrophic cardiomyopathies. This is an underestimate because it only includes survivors of cardiac arrest. Regardless of the underlying cardiac pathophysiology, sustained monomorphic tachycardia can be studied electrophysiologically such that interpretation of the mechanism and development of therapy is possible. Nonsustained VT is found in patients with a variety of disorders; thus, the pathophysiologic substrate for this arrhythmia is variable, and the utility of programmed stimulation for spontaneous VT in these different disorders depends on the underlying substrate. Because the pathophysiologic substrate for arrhythmias associated with cardiomyopathies (with the exception of arrhythmogenic right ventricular dysplasia) or those in normal hearts is poorly understood, the role of programmed stimulation to study patients with cardiac arrest or nonsustained VT in such patients is not established. However, I believe that the induction of sustained monomorphic VT is probably clinically significant regardless of the underlying pathology. Electrophysiologic studies are most useful in patients with coronary artery disease. The pathologic substrate for patients with ventricular tachyarrhythmias associated with coronary artery disease is usually a prior myocardial infarction resulting in wall motion abnormalities ( 18,19,20 and 21). The greater the wall motion abnormalities, the higher the incidence of aneurysm formation, and the lower the ejection fraction, the more likely is the development of a sustained uniform VT. Patients who present with cardiac arrest appear to fall into two groups. Most commonly, these patients have prior infarction, although usually with less wall motion abnormalities and depression of myocardial function than patients with sustained uniform VT. Occasionally, patients have multiple prior myocardial infarctions. Although some investigators (20) suggest more severe ventricular dysfunction in patients with cardiac arrest than in those with sustained uniform VT, this is not our experience nor



that of others (21). The second group of patients who present with a cardiac arrest are those who have severe coronary artery disease and relatively normal ventricular function; in this group the arrest is most likely due to acute ischemia. Electrophysiologic studies appear less useful in this latter group. Nonsustained VT, particularly when uniform, may occur in patients with normal ventricular function, with or without severe coronary disease, or in patients with severely abnormal ventricular function associated with multiple prior infarctions and/or ventricular aneurysms. In my experience, patients with uniform VT have the lowest ejection fractions (27%), while those with cardiac arrest and nonsustained VT have higher ejection fractions (35% and 39%, respectively). For nonsustained VT, this reflects a selection bias for patients with prior infarction and lower ejection fractions, because we tend not to treat, or study, patients with nonsustained VT and higher ejection fractions because they have a good progress. Thus, patients with cardiac arrest and nonsustained VT who are studied in our laboratory are anatomically similar. In the general population of patients with asymptomatic nonsustained VT, the majority will have normal left ventricular function. Our patient population is clearly selected so that we study patients with lower ejection fractions, recognizing that lower ejection fraction per se places a person at high risk for sudden death. Although nonsustained VT can occur with and without prior myocardial infarction, patients who present with cardiac arrest or sustained monomorphic VT usually have had a prior infarction. The extent of infarction, and perhaps location involving the septum, may be the two important prognostic factors associated with these malignant sustained ventricular arrhythmlas ( 19,22). Of the first 700 consecutive patients we studied with coronary artery disease who presented with sustained uniform VT, »30% had their first episode within the first year following myocardial infarction. Subsequently, we have noted a consistent 3% to 5% per year incidence of VT occurrence over the next 15 years. We have seen at least 15 patients whose first episode of sustained uniform VT occurred >15 years following their first infarction. In my experience, late occurring sustained monomorphic VT most often occurs following inferior wall myocardial infarction. The clinical status does not distinguish those patients developing VT early and late from one another; that is, both have a high incidence of large infarction, severe ventricular dysfunction, the presence of an aneurysm, and significant coronary artery disease (23). The cycle lengths of the tachycardias occurring early after infarction, however, tend to be faster, and the tachycardia is more poorly tolerated. This may reflect evolving scar formation, which when ultimately completed, may be related to longer tachycardia cycle lengths, owing to abnormalities of conduction with which it is associated (see following discussion). Nonetheless, Roy et al. ( 24) demonstrated that tachycardias initiated 2 weeks after infarction (even if they had not been present clinically) can be replicated by programmed stimulation a year later. Thus, some components of the anatomic substrate must be relatively fixed once infarction has occurred. Since the introduction of thrombolysis and primary angioplasty for acute infarction, the incidence of sustained monomorphic VT has decreased remarkably. Only 1% of patients will experience an episode of sustained, tolerated VT in the year following infarction. It is more difficult to assess the time from myocardial infarction when cardiac arrest or nonsustained VT occurs. As noted previously, nonsustained VT occurs with or without infarction, and one cannot truly estimate the incidence or timing of this arrhythmia with the degree of coronary stenosis and the presence of infarction or ischemia-induced myocardial dysfunction. Attempts to make these correlations are fraught with selection and/or entry bias, which is inherent in selecting patients from catheterization laboratories, coronary care units, or exercise laboratories. Similarly, patients studied following cardiac arrest are a selected group of survivors, and as such may not reflect the timing from infarction to cardiac arrest of nonsurvivors. However, this may indicate some of the characteristics of those patients likely to survive. Of more than 900 selected survivors of cardiac arrest associated with coronary artery disease whom we have studied, the highest incidence (»50%) of cardiac arrest occurred in the first 6–12 months following infarction. After the first year following infarction, the incidence of cardiac arrest decreases rapidly, such that within 3 years the incidence is low. This is in contrast to patients who will present with sustained monomorphic VT, among whom onset of the arrhythmia appears later (median »15 months). In the thrombolytic and primary angioplasty era, the timing of these events has not changed, but, as stated above, their frequency has been significantly reduced. The incidence of sudden cardiac death has been reduced less than that of sustained monomorphic VT. I believe this is due to a shift in patients from those who would have previously developed monomorphic VT to more presenting with cardiac arrest due to preservation of myocardium by early reperfusion. The pathophysiologic substrate in disease states other than coronary artery disease is less clear. Hypertrophy and fibrosis characterize myopathic ventricles. Hypertrophy is associated with calcium overload, increased action potential duration, a decrease in gap junctions, and alterations in their location, etc., all of which are potententially arrhythmogenic. These have been recently reviewed ( 25). Electrophysiologic Substrate The clinically measurable electrophysiologic consequences of infarction that are potentially arrhythmogenic include abnormalities of conduction and refractoriness, heterogeneity of conduction and refractoriness, enhanced automaticity, and areas of inexcitability. We found that abnormalities of conduction are most prominent. We described abnormalities of conduction in terms of patterns of endocardial activation and electrogram characteristics recorded by catheter and intraoperative mapping techniques during sinus rhythm in patients with nonsustained and sustained VTs to distinguish them from patients with normal ventricles and those with prior infarction but no ventricular arrhythias ( 26,27,28,29,30,31 and 32). We elected to look at the electrogram characteristics because of the observation that the VT often occurred at sites that demonstrated markedly abnormal electrograms manifesting multiple components, low amplitude, and prolonged duration, frequently occurring after the end of the QRS (Fig. 11-13). This observation led us to study ventricular activation and characterize electrograms in patients having sustained and nonsustained VTs.



FIG. 11-13. Relationship of VT to fractionated late potentials. Three surface leads are shown with unipolar and 5- and 10-mm bipolar recordings from the anterior wall of the left ventricle (LV11, see Fig. 11-14). The first two complexes are sinus in origin and the left ventricular recordings show markedly abnormal electrograms. Multiple components are present, and the electrogram exceeds 160 msec in duration. Moreover, the electrogram extends beyond the end of the QRS, producing significantly delayed endocardial ventricular activation. VT spontaneously begins, and this left ventricular site, which was recording late activity during sinus rhythm, records electrical activity 90 msec before the onset of the QRS during VT. This suggests a relationship between abnormal, low-amplitude, multicomponent, and late potentials with the areas from which VT originate. See text for discussion.



FIG. 11-14. Mapping schema of the left ventricle. The left ventricle is opened anterolaterally. Sites 2, 3, and 4 are the septum, 1 is the apex, 5 and 6 are the mid- and basal inferior wall, 8 is the inferoposterior wall, 9 is the apical anterolateral wall, 10 is the basal lateral wall, 11 is the midanterior wall, and 12 is the basal anterior wall. (From: Cassidy DM, Vassallo JA, Miller JM, et al. Endocardial catheter mapping in patients in sinus rhythm: relationship to underlying heart disease and ventricular arrhythmias. Circ 1986;73:645.)



We developed criteria for normal, abnormal, and fractionated electrograms using bipolar signals recorded with a 5- or 10-mm interelectrode distance according to our left ventricular mapping schema ( Fig. 11-14) (26,27). Normal electrograms had sharp, biphasic, or triphasic spikes with amplitudes of ³3 mV, durations of £70 msec, and/or an amplitude/duration ratio of ³0.046. We considered all other electrograms abnormal. We considered an electrogram fractionated if it had an amplitude of £0.5 mV, a duration of ³133 msec, and/or an amplitude/duration ratio of £0.005. We defined fractionated electrograms as abnormal electrograms that fell outside the 95% confidence limits of amplitude and duration of all abnormal electrograms. We defined an electrogram as late if any component occurred after the end of the QRS. Examples of these electrograms are shown in Figure 11-15. We defined local activation time at any site as time from the onset of the surface QRS to the time the largest, rapid deflection of a local electrogram crossed the baseline. We defined total endocardial activation as the time from the earliest local activation to the time of the latest local activation. We used the total endocardial activation time, the duration of the longest electrogram recorded, the presence of late electrograms, and the extent of abnormal electrograms as indicators of abnormalities of conduction. Simultaneous site mapping using new technology and specially designed catheters requires establishing a new set of normal values. For example, using the CARTO system (Biosense, Cordis) normal bipolar voltage (4-mm tip electrode to the second pole, 2-mm proximal, filtered at 10 to 400 Hz) is »1.6 mV in the LV and 1.3 mV in the RV. Marchlinski et al. ( 33) have reported similar values. Unfortunately, no duration standards are available because of the lack of “fixed” gain recordings. Normal values in our patients using the CARTO system are similar (1.4–1.7 mV, apex and base of LV, respectively; and 1.3 mV in the RV).



FIG. 11-15. Examples of various types of electrograms. Three surface recordings accompanied by three local bipolar electrograms (normal, abnormal, and fractionated and late) recorded from different left ventricular endocardial sites are shown The dashed vertical line denotes the end of the surface QRS activity. The arrows show the onset and offset (characterized by the amplification signal decay artifact) of local electrical activity. One-millivolt calibrations are seen. See text for discussion. (From: Cassidy DM, Vassallo JA, Miller JM, et al. Endocardial catheter mapping in patients in sinus rhythm: relationship to underlying heart disease and ventricular arrhythmias. Circ 1986;73:645.)



As can be seen in Table 11-1, patients with nonsustained VT and those without tachycardia but prior infarction have similar conduction abnormalities. Patients with sustained uniform VT have the most abnormal electrograms, while endocardial activation in those patients with cardiac arrest falls between nonsustained VT and sustained VT. Analog records of a patient demonstrating normal activation without coronary disease, a patient with coronary disease and prior infarction without inducible arrhythmias, and a patient with sustained uniform VT are shown in Figure 11-16. In general, patients with infarction have abnormalities of local and total endocardial activation; however, those with sustained VT have a greater number of sites demonstrating abnormal electrograms of lower amplitude and longer duration than those with coronary artery disease and no VT or nonsustained VT ( 28,31). These abnormalities of activation, whether recorded endocardially in the catheterization laboratory or intraoperatively, occur only in areas of prior infarction and significant wall motion abnormalities ( 31,32,34,35). It is of note that patients with spontaneous nonsustained VT who have sustained monomorphic VT induced by programmed stimulation have a greater number of abnormal electrograms, and correlate to a greater extent of infarction, than those patients who do not have sustained monomorphic VT inducible. The characteristics of spontaneous nonsustained VT have no predictive value in determining which patient will have sustained monomorphic VT induced ( 36,37).



TABLE 11-1. Influence of Coronary Artery Disease and Clinical Arrhythmia



FIG. 11-16. Sinus rhythm maps in patients with and without coronary disease who have no inducible arrhythmias and with coronary artery disease and inducible VT. All three tracings are arranged in the same manner with three ECG leads (l, aVF, and V 1) and 11 of the 12 left ventricular mapping sites along with time lines. A. The patient with no coronary artery disease (CAD) and no inducible arrhythmias has relatively rapid endocardial activation, the electrograms have normal amplitude and duration. B. A sinus rhythm map is shown from a patient with CAD and prior infarction but no inducible arrhythmias. In this instance, the pattern of activation is normal but the electrograms are of broader duration and several have multiple components. None, however, are late. C. In a patient with prior infarction and inducible VT, many of the electrograms are abnormal and the sequence of activation is markedly distorted by areas of prior infarction. Many electrograms have multiple components, and several are recorded near the end of the QRS. See text for discussion.



Although the anatomic substrate of patients presenting with cardiac arrest and sustained uniform VT is similar, tachycardias producing arrest have faster rates than tolerated VTs (38). Rate of tachycardia, and not the location of prior infarction, ejection fraction, or extent of coronary disease is the only factor that determines clinical outcome. This has been corroborated by other studies ( 20,21). Although the longer cycle length of hemodynamically tolerated monomorphic VT is associated with a greater extent of electrogram abnormalities on the endocardium, we have not demonstrated a correlation of VT cycle length to electrogram duration at the site of origin or any other specific electrogram characteristics observed during sinus rhythm mapping ( 27,29). This may reflect either a limitation of extent of mapping (i.e., number of sites) in local regions, or that the cycle length of VT is more related to abnormalities of conduction that are anisotropic and not reflected by mapping during



sinus rhythm. We (39,40 and 41) and others (25,42,43,44 and 45) have analyzed the cause of these electrogram abnormalities associated with VT in humans. Clearly, these fragmented or fractionated electrograms are not an artifact of filtering or motion, because such electrograms can neither be created nor abolished by changing the filtering and can be recorded with uni- or bipolar recordings in fixed pieces of tissue or in nonmoving and infarcted regions during intra-operative mapping ( 35,36,39). Anatomic studies of tissue removed from the site of origin of VT and sites distant from VT have demonstrated that abnormal electrograms are associated with a specific pathologic condition of viable muscle fibers imbedded in and separated by connective tissue ( 39,40,44,46). These muscle fibers may be abnormal or normal, but they are alive and associated with normal or near-normal action potentials ( 42,43 and 44). Recent studies using confocal microscopy and immunofluorescent staining of gap junctions showed an alteration in number, position, and, possibly, function of gap junctions ( 25,47,48). The amplitude of the electrograms seems to be most closely related to the number of viable muscle fibers under the recording electrode. Detailed mapping studies with microelectrodes in human tissue and in tissue from experimental canine tachycardia models ( 25,39,40,42,43 and 44,46,47,48 and 49) demonstrate that slow propagation of an impulse through areas from which fractionated electrograms are recorded is associated with relatively normal action potentials of the muscle fibers. Response of these local electrograms to antiarrhythmic agents is also compatible with relatively normal action potential characteristics ( 50,51). Other studies have demonstrated that a reduced space constant and poor intercellular coupling caused by infarction lead to slow propagation of the cardiac impulse ( 52). Computer models by Lesh et al. (53,54 and 55) and studies using dose-dependent changes in cellular resistance caused by heptanol ( 53,56) confirm that changes in intercellular resistivity can alter conduction and produce fractionated electrograms. Thus, anatomic abnormalities can produce a functional abnormality (poor cellular coupling), which produces slow conduction, one of the necessary factors required for sustained VT to occur spontaneously or to be initiated. The use of sinus rhythm mapping in localizing the origin of tachycardias and/or in the selection of the most appropriate modes of therapy for malignant arrhythmias is discussed in subsequent paragraphs. In patients with VT and cardiomyopathy or no clinical heart disease, endocardial sinus rhythm mapping has not identified abnormalities analogous to those seen in patients with coronary artery disease ( 28). For example, when patients with cardiomyopathy (either hypertrophic or dilated) and ventricular arrhythmias are compared to those with coronary artery disease, significant differences are noted ( Table 11-2). Patients with cardiomyopathy in general have normal endocordial activation and normal electrograms. Even when abnormal, the electrograms are rarely fractionated. Only patients with sustained VT, a rare arrhythmia in these patients, have fractionated electrograms ( Table 11-3). Endocardial activation in patients with cardiomyopathy presenting with cardiac arrest and nonsustained VT does not differ significantly from that in normal individuals. Only »10% of sites will be abnormal, primarily because of the duration of the electrogram. When patients with cardiomyopathy are divided into those with and without arrhythmias, the only group of patients in whom significant abnormalities of activation and of conduction are noted are those with sustained uniform VT (Table 11-3). These patients have more abnormal sites and are the only patients with fractionated sites. In addition, the duration of the longest electrogram in patients with cardiomyopathy and sustained uniform VT is markedly prolonged when compared to patients with cardiomyopathy and other arrhythmias. Analysis of electrogram distribution in patients with nonsustained and sustained VT with coronary artery disease and cardiomyopathy is shown in Figure 11-17. Compared to patients with coronary artery disease and VT, patients with cardiomyopathy have fewer abnormal sites, fewer fractionated sites, and relatively normal overall endocardial activation with virtually no late sites. The data from these studies and those of Vassallo et al. ( 57,58) analyzing ventricular electrograms and activation sequences in patients with left bundle branch block in patients with coronary artery disease and cardiomyopathy suggest that endocardial activation is nearly normal in patients with cardiomyopathy.



TABLE 11-2. Influence of Underlying Heart Disease



TABLE 11-3. Influence of Cardiomyopathy and Clinical Arrhythmia



FIG. 11-17. Electrogram distribution in different patient populations. The incidence of normal, abnormal, fractionated, and late electrograms in patients with no heart disease and normal left ventricles (NLV), coronary artery disease (CAD) and no VT, CAD and nonsustained VT (NSVT), CAD and sustained VT, cardiomyopathy (CM) and NSVT, and CM with sustained VT. Patients with sustained VT have the highest incidence of abnormal electrograms as well as fractionated and late electrograms. Patients with prior infarction actually have more abnormal and late electrograms than patients with CM. See text for discussion.



The pathophysiologic substrate of patients with cardiomyopathy clearly differs from that in coronary artery disease. These findings suggest that sinus rhythm mapping of the endocardium is of little use in evaluation of patients with cardiomyopathy presenting with or without ventricular arrhythmias. When one analyzes cardiomyopathic patients with respect to clinical arrhythmias, it is clear that only patients with sustained uniform VT have a significant number of abnormal sites and that only they have fractionated sites. The major abnormality of endocardial electrograms in patients with cardiomyopathy is their duration, which is slightly greater than normal. In combination with normal amplitude, their amplitude/duration ratios were abnormal ( Table 11-3). Intraoperative mapping of patients with cardiomyopathy undergoing defibrillator implantation or surgery have demonstrated transmural and/or epicardial conduction abnormalities. Recent studies by Sosa et



al. (59,60) suggest epicardial abnormalities are present in patients with Chagas disease. Hypertrophic cardiomyopathy, both with and without obstruction, is associated with a high incidence of sudden cardiac death. Although electrograms observed during sinus rhythm mapping appear similar to those in dilated cardiomyopathy, the response of these electrograms to ventricular extrastimuli may distinguish patients at risk. We initially observed fractionation of electrograms at the RV apex and RV outflow in response to ventricular extrastimuli in members of high risk families with hypertrophic obstructive cardiomyopathy ( 61). More recently, Saumarez et al. (62,63) have confirmed our findings and demonstrated that patients with lethal arrhythmias show a greater degree of fragmentation (i.e., longer duration) at longer coupling intervals (i.e., longer relative refractory periods) than in patients without such a history. Further work is necessary to characterize the sites and mechanism of conduction abnormalities in patients with all forms of cardiomyopathy Signal averaging techniques have been developed to record this substrate of slow conduction from the surface of the heart ( 62,63,64,65,66,67,68 and 69). Basically orthogonal XYZ leads are used, and after signal averaging and high-pass (above 40 Hz) filtering, the leads are combined into a vector magnitude (X 2 + Y2 + Z2, RMS amplitude), a measurement that sums up the high-frequency information contained in all of these leads. This vector magnitude is often called the filtered QRS complex. The duration of the QRS and the amplitude of the high-frequency signals in the last 40 msec (so-called late potentials) have been used with the duration of terminal activity beneath 40 mV, as a measure of abnormalities of conduction associated with arrhythmias. Normal values are a QRS duration of £114 msec, an RMS amplitude in the last 40 msec of >20 µV, and a duration of the signal 


FIG. 11-18. Signal-averaged ECGs in patients with inferior infarction with and without VT. A. Control, a signal-averaged ECG is shown. The highly gained XYZ recordings are filtered above 40 Hz. Note the symmetric configuration of the filtered complex, which is 100 msec in duration. The mean voltage of the last 40 msec of the filtered QRS was 45 µV (normal >20 µV). B. A signal-averaged ECG from a patient with inferior infarction and VT. Note that the QRS duration is markedly prolonged to 117 msec and the terminal part of the filtered QRS shows a low amplitude late potential ( arrow). The mean amplitude of the last 40 msec was 10 µV. (From: Simson MB. Use of signals in the terminal QRS complex to identify patients with ventricular tachycardia after myocardial infarction. Circ 1981;64:235.)



FIG. 11-19. Relationship between late potential and endocardial and epicardial recordings in a patient with VT. The filtered signal-averaged QRS is shown on the bottom and mapping sites on top. Sites 2–3, 3–4, 4, 5, and 6 are endocardial sites. Sites 43 and 53 are epicardial sites The bar represents duration of the electrogram. Other epicardial sites are shown as Xs, and endocardial sites are shown as Os. Note that the low-amplitude late potential ( arrow) is associated with late endocardial activity from four sites and late epicardial activity from one site. See text for discussion. (From: Simson MB, Untereker WJ, Spielman SR, et al. Relation between late potentials on the body surface and directly recorded fragmented electrograms in patients with ventricular tachycardia. Am J Cardiol 1983;51 :105.)



The primary use has been in post-infarction patients ( 68,69). Unfortunately it has a positive predictive value of »20%, although its negative predictive value approaches 95%. Similar good negative predictive values have been reported for patients with syncope, but the gold standard for this clinical syndrome upon which sensitivity was based was inducibility of sustained VT. It is unclear whether inducible VT is an approriate endpoint. The role of the SAECG in predicting inducible sustained VT in patients with nonsustained VT and ejection fractions less than 40% has recently been evaluated in the Multicenter UnSustained Tachycardia Trial (MUSTT). Despite earlier, nonrandomized studies that suggested utility of the SAECG, Cain et al. ( 75) demonstrate that the SAECG could not predict inducibility of sustained VT in this population. Interestingly, the SAECG was an independent predictor of mortality and sudden cardiac death in subpopulations of MUSTT patients (unpublished observations). Obviously, the exact role of the SAECG, as well as other noninvasive risk stratifiers, needs to be determined. Current guidelines for use of the SAECG have been published in a consensus document of the American College of Cardiology ( 76). The natural history of development of these conduction abnormalities in coronary artery disease is uncertain, although they appear to develop gradually, 3 days to 2 weeks following infarction ( 65,68,69). Once present, these late potentials do not disappear. This seems to support the observations of Roy et al. ( 24) that uniform VT induced 2 weeks after infarction can be reliably reproduced a year later. In patients with cardiomyopathy and VT, in whom endocardial activation is generally normal, the signal-averaged ECG is often abnormal ( 79). In patients who present with sustained VT or VF, the signal-averaged ECG is both longer in duration and has a lower amplitude in the terminal (40 msec) than in comparable patients with cardiomyopathy and no malignant arrhythmia (80). Although prolongation of duration seen in these patients may be a reflection of the abnormal QRS on the surface ECG, in the group of patients with sustained VT or fibrillation, 83% had a late potential, regardless of QRS duration. These data suggest that the substrate of slow conduction in patients with cardiomyopathy resides in the midmyocardium or epicardium. Data using epicardial mapping in Chagas disease support this hypothesis (59). Although an early study by Middlekauff et al. ( 81) failed to demonstrate any utility of the SAECG in these patients, Mancini et al. ( 82) found a high correlation of positive SAECG with mortality and fibrosis. Further evaluation of signal averaging is necessary to establish whether it can provide a noninvasive method to recognize an arrhythmogenic substrate in patients with cardiomyopathy. Differences in excitability, refractoriness, and dispersion of refractoriness are other potential arrhythmogenic abnormalities. We evaluated the effects of infarction on the threshold of excitability, refractoriness, and strength-interval curves ( 83). These studies demonstrated that sites of infarction characterized by abnormal



electrograms have higher thresholds than normal sites in patients with infarction (1.9 ± 1 vs. 0.7 ± 0.4 mA, p < .05) (Fig. 11-20). This higher threshold corresponds to a strength-interval curve that has shifted upward, particularly during late coupling intervals ( Fig. 11-21). Refractory periods determined at threshold were longer at sites of infarction, but the steep part of the strength-interval curves were not significantly different (see Fig. 11-22). Furthermore, the effect of change in cycle length of the refractory period measured as the steep part of the strength-interval curve was similar in normal sites and sites of infarction (39 ± 9 vs. 32 ± 8 msec, p = NS). The current at which the steep part of the strength-interval curve was achieved was also comparable.



FIG. 11-20. Relation between local electrogram width and measured threshold effective refractory period (ERP) . The local electrogram width during sinus rhythm is plotted against the ERP measured at threshold stimulus strength during ventricular pacing cycle length of 600 and 400 msec. The X denotes measurements from a normal site and O from an infarcted site from the infarct patient group. (From: Kienzle MG, Doherty JU, Cassidy D, et al. Electrophysiologic sequelae of chronic myocardial infarction: local refactoriness and electrographic characteristics of the left ventricle. Am J Cardiol 1986;58:63.)



FIG. 11-21. Locally recorded electrograms and strength-interval curves from an infarct and noninfarct site in the same patient . Electrophysiologic leads 1, aVF, and V 1 are displayed with a right ventricular reference and left ventricular electrograms (RV and LV). Ten-msec time lines are shown below. The strength-interval curves measured at each site are also shown with the measured refractory period plotted from threshold to 10 mA. Alterations characteristic of chronic infarction are seen in both the local electrogram and strength-interval curve (From: Kienzle MG, Doherty JU, Cassidy D, et al. Electrophysiologic sequelae of chronic myocardial infarction: local refactoriness and electrographic characteristics of the left ventricle. Am J Cardiol 1986;58:63.)



FIG. 11-22. Individual strength-interval curves from infarct and noninfarct sites from patients with previous myocardial infarction. Each curve consists of the ERP at threshold (large filled circles) and at each of the next five increments of current strength. The last point of each curve corresponds to the stimulus strength at which no further shortening of ERP occurred (first point of the steep portion of the strength-interval curve). The curved numbers refer to individual patients. PCL = pacing cycle length. (From: Kienzle MG, Doherty JU, Cassidy D, et al. Electrophysiologic sequelae of chronic myocardial infarction: local refactoriness and electrographic characteristics of the left ventricle. Am J Cardiol 1986;58:63.)



Because abnormalities of excitability and refractoriness are encountered in infarcted sites having abnormal electrograms, we evaluated whether dispersion of refractoriness, dispersion of activation, dispersion of total recovery (local activation time plus local refractory periods) for the entire ventricle or for adjacent sites were arrhythmogenic (84). Definitions are given in Table 11-4. We compared these parameters in patients with no arrhythmias and normal hearts, patients with long QT interval syndromes and recurrent VF, and patients with coronary artery disease status post myocardial infarction who presented with sustained ventricular tachyarrhythmias. Examples of patients from each group are shown in Figure 11-23, Figure 11-24 and Figure 11-25. These data, which are summarized in Table 11-5 and Table 11-6, demonstrated that patients with long QT interval syndromes have a normal dispersion of activation and a significant dispersion of refractoriness and total recovery time, whereas patients with coronary artery disease and ventricular arrhythmias have normal dispersion of refractoriness but marked abnormalities of ventricular activation, which produce the consequent dispersion of total recovery. This was true whether or not the parameters were evaluated for the entire left ventricle or at adjacent sites. In view of the fact that in patients with sustained VT due to coronary artery disease arrhythmias can be reproducibly initiated by programmed stimulation and that in those with long QT syndromes arrhythmias are not inducible (see subsequent paragraphs on initiation of ventricular tachyarrhythmias), one must conclude that abnormalities of conduction provide a more important reflection of inducible arrhythmias (which we assume to be a marker for reentry) than dispersion of refractoriness alone. Thus, one must consider abnormalities of conduction to be of primary importance in the genesis of sustained uniform ventricular arrhythmias. The greater these abnormalities, the more likely uniform tachycardias occur spontaneously or can be induced. Invasive or noninvasive methods to demonstrate abnormalities of conduction are, therefore, useful markers of an arrhythmogenic substrate. Patients with VF or nonsustained VT appear to have fewer conduction abnormalities (i.e., less slow conduction), and hence, their tachycardias remain either nonsustained or degenerate to VF. The relationship of these arrhythmias to sustained VT is discussed subsequently.



TABLE 11-4. Definitions



FIG. 11-23. Dispersion of activation and recovery in a normal patient. On the horizontal axis is time duration and on the vertical axis are the mapped left ventricular sites. The QRS displayed on top begins at 0 time and extends to approximately 80 msec. The left-hand edge of each bar represents the local activation time at the individual site, and the duration of the bar represents the local ERP (value in bar). The right-hand edge of each bar represents the end of total recovery time (the sum of activation time and local refractoriness). In this patient, one sees early breakthrough sites at 3, 5, and 12. Endocardial activation (ACT) time from the earliest onset (site 3) to the latest (site 6) is 32 msec. The dispersion refractoriness (difference between shortest and longest) is 45 msec, and dispersion of total recovery time (TRT) (the maximum difference between the right-hand edge of the rectangles) is 41 msec. These are all normal values. See text for discussion. (From: Vassallo JA, Cassidy DM, Kindwall KE, et al. Nonuniform recovery of excitability in the left ventricle. Circ 1988;78:1365.)



FIG. 11-24. Dispersion of activation and recovery in a patient with long QT syndrome. This figure is arranged as Fig. 11-23. In this instance, endocardial activation takes 38 msec, which is normal. However, dispersion of refractoriness is 90 msec (the longest refractory period being 320 msec at site 1). This results in a markedly abnormal dispersion TRT. See text for discussion. (From: Vassallo JA, Cassidy DM, Kindwall KE, et al. Nonuniform recovery of excitability in the left ventricle. Circ 1988;78:1365.)



FIG. 11-25. Dispersion of activation and recovery in a patient with prior CAD and VT. This tracing is arranged as Fig. 11-23 and Fig. 11-24. In this patient with VT and CAD, there is marked dispersion of endocardial activation, which requires 64 msec to complete. Dispersion of refractoriness is normal at 40 msec. Because of the irregular and prolonged activation times, there is prolongation of total dispersion of recovery of 15 msec. See text for discussion. (From: Vassallo JA, Cassidy DM, Kindwall KE, et al. Nonuniform recovery of excitability in the left ventricle. Circ 1988;78:1365.)



TABLE 11-5. Data Based on Whole Left Ventricle Analysis



TABLE 11-6. Data Based on Adjacent Left Ventricle Sites



MECHANISMS OF VENTRICULAR TACHYCARDIA The mechanisms of VT have been under active investigation both experimentally and clinically in the past two decades. Potential mechanisms of VTs include reentry, normal and abnormal automaticity, and triggered activity that is due to early or delayed afterdepolarizations. Most of the recent knowledge of cellular mechanisms of arrhythmias are derived from isolated atrial, Purkinje, ventricular muscle fibers, and segments of myocardium exposed to a variety of conditions. More recently molecular genetics has provided information relevant to the mechanisms of certain arrhythmias. Heterogeneity of local action potential duration (APD) based on ion channel derangements are probably responsible for arrhythmias associated with the long QT syndromes and Brugada syndrome (idiopathic VF associated with ST elevation in V 1–3 and pseudo-RBBB) (85,86,87,88,89 and 90). The exact mechanism by which these ion channelopathies cause arrhythmias is unresolved and is under active investigation ( 85,86,87,88,89 and 90). Debate therefore continues as to the role of early afterdepolarizations, abnormal automaticity, and reentry in these polymorphic tachycardias that are the hallmark of these syndromes. Despite the differences in experimental design, in my opinion, generalizations regarding arrhythmia mechanisms can be made by comparing the mode of initiation of tachycardias and influence of stimulation during tachycardias in in vitro and in vivo experimental preparations to comparable situations in humans. In addition, activation mapping in humans and the effects of drugs on initiation and VT cycle length may provide important clues to the underlying mechanism. These phenomena can only be evaluated in induced, sustained uniform VT. The bulk of evidence derived from these studies, albeit indirect, suggests that reentry is the mechanism of sustained uniform tachycardias associated with coronary artery disease ( 1,91,92). In addition, nonsustained VT and VT (particularly, uniform) producing cardiac arrest may have a similar mechanism because they have a qualitatively similar, although quantitatively less, substrate of abnormal conduction. Moreover, their response to programmed stimulation and pharmacologic agents suggests a common mechanism. As discussed later, the evidence supporting reentry is based on the ability to reproducibly initiate and terminate the tachycardia by programmed stimulation, the response of the tachycardia to stimulation, the effect of drugs on the tachycardia, and activation mapping demonstrating reentrant excitation. How these responses differ from those expected for other mechanisms is discussed in more detail subsequently. The underlying mechanism for VF and for the entire spectrum of nonsustained and polymorphic ventricular arrhythmias in patients with cardiomyopathy, electrolyte imbalance, valvular disorders, and so on remains incompletely understood. However, the mechanism of sustained uniform VT, regardless of underlying cardiac disorder, appears most consistent with reentry (including patients with congenital heart disease, cardiomyopathy, and those with no organic heart disease), based on similar observations as those noted for uniform VT observed in the setting of coronary artery disease. While infarction provides gross fibrosis and macro nonuniform anisotropy, abnormal propagation in cardiomyopathies with less fibrosis may be related to the abnormalities of gap junction number, structure, function, and location. Initiation of Ventricular Tachycardias The ability to reproducibly initiate an arrhythmia by programmed electrical stimulation has been considered a hallmark of reentrant arrhythmia ( 1,93). Arrhythmias that are due to automaticity, either normal or abnormal, are due to spontaneous depolarization and cannot usually be initiated by programmed stimulation ( 94,95 and 96). Triggered activity that is due to delayed afterdepolarizations, under a number of different circumstances, can be initiated by programmed stimulation ( 47,94,95,96 and 97). The modes of stimulation required to initiate triggered activity caused by delayed afterdepolarizations and the characteristics of the resultant rhythm with respect to the influence of pharmacologic agents (e.g., isoproterenol, atropine, aminophylline, and procainamide) on initiation can be used to differentiate triggered activity from reentrant excitation. Tachyarrhythmias that are due to early afterdepolarization are bradycardia dependent, and although they can be initiated in the experimental laboratory, they are not well suited for study by programmed stimulation, which automatically necessitates a relative “tachycardic” state ( 94,95,98,99). The so-called short-long-short sequence of early afterdepolarization initiation of triggered activity recently summarized by Cranefield and Aronson ( 99) suggests that unusual modes of stimulation, which have not heretofore been employed, may be useful in initiating such rhythms. I do not, however, believe such forms of stimulation can distinguish this form of triggered activity from reentrant rhythms. Protocol of Programmed Stimulation One of the major limitations in evaluating reported results of programmed stimulation to initiate VT is that different protocols have been used in different laboratories. Another limitation is that the reported results of stimulation have included patients with sustained uniform VT, nonsustained VT, and those presenting with cardiac arrest, treated as a single group. As mentioned earlier in this chapter, the anatomic and electrophysiologic substrates of these arrhythmias differ ( 20,21,28,67,73). It is not surprising that the response to programmed stimulation also differs. Therefore, sensitivity and specificity should only be applied to the use of programmed stimulation for a single arrhythmia type. The only arrhythmia for which such data exist is sustained monomorphic VT. In addition to the type of arrhythmia and the underlying anatomic substrate, specific features of the methodology of programmed stimulation can influence the ability to initiate the tachycardia. These include the number of extrastimuli, paced cycle length, site of stimulation, and the current (or voltage and pulse width) (100,101,102,103,104,105,106,107,108,109,110,111,112,113,114 and 115). These parameters are methods used to overcome some general factors that may influence the ability to initiate VT. They include distance from the origin of the arrhythmia, refractoriness at the site of stimulation, and conduction to the potential site of the tachycardia circuit or focus. The lack of control of those variables related to the protocol of programmed stimulation as well as the inclusion of different arrhythmia subtypes and different disease states have led to a marked variability in reported sensitivity, specificity, and reproducibility of programmed stimulation in the study of VT (116,117,118,119,120 and 121). This has led to confusion in interpreting results of programmed stimulation and misuse of this technique in the management of arrhythmias. Thus, although some generalities exist regarding the effects of increasing number of extrastimuli, altering drive cycle lengths, and increasing current, the investigator must interpret the response to programmed stimulation in light of the specific arrhythmia being evaluated. Number of Extrastimuli The appropriate number of extrastimuli used to evaluate programmed stimulation for sustained VT is not universally agreed upon. In general, the greater the number of extrastimuli employed, the increased sensitivity of induction of any arrhythmia; however, this is associated with a decreasing specificity of the technique ( Fig. 11-26). The sensitivity of programmed electrical stimulation (PES) to initiate sustained uniform VT increases significantly with the addition of three ventricular extrastimuli, with little incremental benefit from the addition of a fourth extrastimulus or rapid pacing ( Fig. 11-27). Hummel et al. (115) suggest that if one begins PES with 4 ventricular extrastimuli (VES) at a short drive paced cycle length (PCL), one can reach an endpoint of inducible monomorphic VT sooner than if one starts with single VES. However, whether or not the VT induced by Hummel's method is the same as the spontaneous VT was never clarified in their manuscript. The more aggressively one stimulates, the more likely a nonspecific response, usually a polymorphic VT or VF, can result ( 1,34,101,102,105,118,122,123). In general, the induction of VF requires more VES, delivered at shorter coupling intervals than induction of sustained monomorphic VT. Moreover, the more abnormal the SAECG, the longer the coupling intervals of VES necessary to initiate either VT or VF ( 123).



FIG. 11-26. Effect of aggressiveness of stimulation with sensitivity and specificity of responses. The various modes of initiation are shown on the horizontal axis from least to most aggressive, and the percentage of inducibility rate is shown on the vertical axis. It can be seen that the more aggressive the stimulation, the higher the sensitivity but the lower the specificity. A protocol involving three extrastimuli at twice diastolic threshold gives the best balance of sensitivity and specificity.



FIG. 11-27. Effect of number of extrastimuli and site of stimulation on inducibility. Increasing aggressiveness of right (RVES) then left ventricular stimulation (LVES) is shown on the horizontal axis, and the percentage of inducibility is shown on the left. It is clear that using three right ventricular extrastimuli there is approximately a 90% sensitivity. More aggressive modes of stimulation from the right or left ventricle add little to improve the sensitivity.



When sustained monomorphic VT is studied, the induction of polymorphic tachycardia must be considered a nonspecific response. Both nonsustained and sustained polymorphic arrhythmias, including VF, can be induced even in normal subjects without a history of VT or cardiac arrest. In our experience, the induction of polymorphic VT and/or VF in normal individuals usually requires multiple extrastimuli delivered at short coupling intervals, usually £180 msec ( Fig. 11-28). Importantly, the initiating stimulus is associated with marked latency, compatible with local conduction delay at the stimulus site. In these people, these responses have no clinical significance. Thus, in patients without a prior history of sustained ventricular arrhythmias, we try to avoid using coupling intervals 


FIG. 11-28. Induction of nonsustained polymorphic VT. Non-sustained polymorphic VT is induced by triple extrastimuli delivered at extremely short coupling intervals. The last two coupling intervals are 160 and 140 msec, respectively, and are associated with local conduction delay (i.e., latency). Such responses have no clinical significance. See text for discussion. VERP = ventricular effective refractory period.



The induction of polymorphic VT and/or VF in a patient who presents with cardiac arrest may have a different implication. By Baysean analysis, this response is more likely to have clinical significance in a patient population in whom similar arrhythmias are present. In other words, because a cardiac arrest may be initiated by a polymorphic tachycardia, the induction of a polymorphic VT in this patient population may be significant (although this is unproven). Despite this, one should always be circumspect when interpreting a polymorphic tachycardia as a clinically significant arrhythmia because, as noted previously, comparable arrhythmias can be induced in patients without any history of arrhythmia. In contrast, the induction of a sustained monomorphic tachycardia (particularly with a cycle length ³240 msec) only occurs in patients with spontaneous VT, cardiac arrest, or in the presence of a substrate known to be arrhythmogenic, such as a left ventricular aneurysm or recent myocardial infarction. It should be noted that the induction of any arrhythmia, whether sustained uniform tachycardia or polymorphic tachycardias, in the setting of a recent infarction (


FIG. 11-29. Comparison of induced and spontaneous sustained VT. Top. Spontaneous left bundle branch block tachycardia with left inferior axis is shown. Bottom. The induced VT has a nearly identical morphology and cycle length to the spontaneous VT.



FIG. 11-30. Induction of multiple morphologically distinct tachycardias. A–C. The surface leads 1, aVF, and V 1 are shown with an RV electrogram. A. During a basic drive cycle length of 600 msec, a single RV extrastimulus induces a VT with right bundle branch block configuration. B. A single extrastimulus at the same coupling interval induces a left bundle branch block tachycardia. C. The left bundle branch block tachycardia is changed to the right bundle branch block tachycardia following the introduction of a single RV extrastimulus. See text for discussion.



FIG. 11-31. Relationship of mode of induction of sustained VT to clinical presentation. The mode of induction of VT (horizontal axis) is compared to the percentage induced (vertical axis) in patients with sustained uniform VT (S-UVT) and those presenting with cardiac arrest. Patients with cardiac arrest more frequently require triple extrastimuli and left ventricular stimulation than those presenting with sustained uniform VT. See text for discussion. RP = refractory period; VES = ventricular extrastimuli.



Influence of Drive Cycle Length Multiple investigators have evaluated whether changing the drive cycle length influences inducibility of VT ( 1,38,91,104,106,107,108,109,110 and 111,115). Most studies demonstrate that the use of at least two cycle lengths (typically 600 and 400 msec) is required to enhance the sensitivity of induction of sustained uniform VT in patients presenting with that rhythm or sustained VT of any morphology in those presenting with cardiac arrest. Extrastimuli delivered at shorter or longer cycle lengths, or even sinus rhythm, may be necessary to initiate VT in individual patients. Hummel et al. ( 115) suggest that if one starts with a PCL of 350 msec, inducibility is achieved more quickly, but whether the induced VT is the same as the spontaneous VT or the protocol was completed was never addressed. Abrupt changes in cycle lengths also may facilitate tachycardia induction ( 107). In approximately 5% of patients with sustained monomorphic VT (or, less commonly in those presenting with cardiac arrest), VT can be initiated only during sinus rhythm. In 10% to 15%, induction can be accomplished either during sinus rhythm or ventricular pacing. Thus, most VT that can be induced during sinus rhythm can also be induced during ventricular pacing ( Fig. 11-32). In such instances the coupling intervals required to initiate VT tend to be longer during ventricular pacing, but this is unpredictible in individual patients. In the remaining 80% to 85%, extrastimuli delivered during ventricular pacing successfully initiate VT. It is difficult to evaluate whether multiple drive cycle lengths or additional extrastimuli are more important to increasing the sensitivity of induction of VT ( 106,111). Both tend to shorten the prematurity with which ventricular extrastimuli can be delivered ( 106,107). The baseline right ventricular effective refractory period does not distinguish between VT requiring single, double, or triple extrastimuli for induction in patients presenting with sustained uniform VT or those with cardiac arrest ( Table 11-7) (38).



FIG. 11-32. Induction of VT by extrastimuli delivered during sinus rhythm and ventricular pacing. A and B. Three surface ECG leads and electrograms from the HRA, HBE, and RV are shown. A. During sinus rhythm, a single VES initiates a left bundle branch block–type tachycardia. B. During ventricular pacing, a single extrastimulus delivered at a longer coupling interval induces the same tachycardia. See text for discussion.



TABLE 11-7. Relationship of Induction Mode to RVERPA



The cycle length used can influence the number of extrastimuli required for induction. Theoretically, if one knew the drive cycle length that allows for induction of sustained VT with the least number of extrastimuli, one would use that cycle length, because the incidence of induction of nonspecific arrhythmias would be lower. Unfortunately, one cannot predict which cycle length will facilitate induction of the clinically relevant tachycardia. A standard protocol should include the use of at least two cycle lengths. In our laboratory, we routinely use drive cycle lengths of 600 and 400 msec in all patients as well as stimulation during sinus rhythm. Additional cycle lengths may be employed if stimulation at these drive cycle lengths fails to initiate tachycardia. The relative success of different cycle lengths on the induction of sustained VT in patients presenting with uniform sustained VT or cardiac arrest is shown in Table 11-8. As noted above, Hummel et al. (115) suggest that initiating programmed stimulation using 4 VES delivered at a PCL of 350 msec gives maximum sensitivity. However, this “sensitivity” is just for initiation of any sustained VT, not necessarily the spontaneous VT or other VTs that may be observed if a complete protocol were performed. Knowledge of all such monomorphic VTs is critical in developing pharmacologic, pacing, implantable defibrillator, or ablative therapy.



TABLE 11-8. Drive Cycle Lengths of Programmed Stimulation Required for VT Induction



Multiple Sites of Stimulation Studies have demonstrated that using at least two sites of stimulation enhances the ability to initiate tachycardias ( 1,38,105,112). In our experience, stimulation from a second site (i.e., other than the right ventricular apex) is needed to initiate sustained VT in patients presenting with sustained uniform VT and, even more importantly, in those with cardiac arrest. If three extrastimuli are delivered only from the right ventricular apex, 10% to 20% of patients will require the use of a second right ventricular or left ventricular site for initiation of sustained VT ( Fig. 11-33). In a study by Doherty et al. (112), in 58% of patients in whom triple extrastimuli at two cycle lengths failed to initiate a tachycardia from the right ventricular apex, a uniform sustained VT was induced from the right ventricular outflow tract. This accounted for 22% of the total inducible sustained VT. In approximately 60% of patients, the same sustained uniform VT was induced from both the right ventricular apex and right ventricular outflow tract ( Fig. 11-34). We previously noted that neither drive cycle length nor ventricular refractory periods at either site was the determinant of mode of induction for patients presenting with sustained VT or cardiac arrest ( Table 11-7 and Table 11-8) (38). Thus, the inducibility appears related to the relationship of the wavefront of activation from the site of stimulation and the mechanism at the tachycardia origin.



FIG. 11-33. Requirement of right ventricular outflow tract (RVOT) stimulation to initiate VT. Top. Triple extrastimuli delivered from the RVA at a drive cycle length of 400 msec failed to initiate VT. Bottom. Three extrastimuli from the RVOT at comparable coupling intervals initiate a sustained uniform VT. See text for discussion.



FIG. 11-34. Initiation of the same VT by stimulation at two right ventricular sites. A. VT with a right bundle right superior axis is initiated by two ventricular extrastimuli delivered from the RVOT. B. The same tachycardia is initiated by stimulation from the RVA.



Because the number of extrastimuli required to initiate VT may differ depending on site of stimulation, the site that allows use of the lowest number of stimuli is



preferred. While non-specific responses (i.e., polymorphic VT or VF) are often induced with 3 VES, particularly when delivered at short coupling intervals, only specific responses (e.g., sustained monomorphic VTs) are likely to be induced using fewer stimuli. To determine the influence of stimulation site on the mode of induction and to allow for the safest stimulating protocol to induce the tachycardia (least number of extrastimuli), I recommend alternating stimulation from the right ventricular apex and outflow tract at each specified cycle length and number of extrastimuli. In approximately 20% of patients presenting with sustained uniform VT, a sustained uniform VT will be induced from one site with less stimuli than at another site, thereby preventing the use of a more aggressive stimulation protocol at the other site (105,112). If stimulation from the right ventricular apex and outflow tract fails, despite use of multiple drive cycle lengths and up to three extrastimuli, left ventricular stimulation may be employed. The yield is small (2% to 5%) for patients with sustained VT, but because the response of induced sustained VT is relatively specific, it seems worthwhile to use left ventricular stimulation if right ventricular stimulation fails. If only two right ventricular extrastimuli are used from multiple sites and multiple cycle lengths, left ventricular stimulation may be required in approximately 10% ( 125). Induction of sustained uniform VT in patients presenting with cardiac arrest is more likely to require left ventricular stimulation than those presenting with sustained uniform VT (Table 11-9) (38). The reason for this latter observation is unclear.



TABLE 11-9. Site of Stimulation Required for Arrhythmia Conduction



Role of Increasing Current Several investigators have evaluated the use of increasing current (5 to 20 mA) in the induction of sustained ventricular arrhythmias ( 102,105,113,118). All have found an increased incidence of VF when three or more extrastimuli at increased current are used compared to when twice diastolic threshold current is used. In one study, in 60% of patients who were given four extrastimuli at 10 mA, a nonclinical tachycardia (VF, polymorphic VT, nonsustained VT, or uniform VT of different morphology) was induced. Moreover, only a small increment in sensitivity of initiating a uniform sustained tachycardia occurs with increased current. The increased yield of 5 mA is not recommended for initiation protocols. Even when used, the increased current may either facilitate or inhibit induction of certain tachycardias ( 113). The mechanism by which increased current seems to facilitate tachycardia is by shortening the measured local refractoriness; however, the mechanism by which induction is prevented is unknown. This may reflect the lower reproducibility of induction of sustained VT when three extrastimuli are used to initiate a tachycardia. On the other hand, increased current could partially depolarize local tissue, causing slow conduction from the stimulation site such that a critical coupling interval at the VT site is not achieved. Although no systematic studies of the effect of pulse width on induction have been conducted, we have observed that pulses >2 msec are associated with an increased incidence of polymorphic tachycardias and VF. Therefore, we recommend use of pulse widths between 1 and 2 msec at twice diastolic threshold as the standard. The stimulation protocol we recommend for the routine study of patients presenting with sustained uniform VT or cardiac arrest is shown in Table 11-10. We use single ventricular extrastimuli delivered during sinus rhythm and at paced cycle lengths of 600 and 400 msec first from the right ventricular apex and then from the right ventricular outflow tract. If this fails to induce an arrhythmia, we deliver two extrastimuli in the same manner. We then use rapid ventricular pacing. Although this has a relatively low yield of VT induction relative to triple extrastimuli ( 1,38,91,114), it still may induce a uniform tachycardia with a lower incidence of nonspecific responses (i.e., polymorphic VT or VF) than triple extrastimuli. We usually begin rapid pacing at a cycle length of 


TABLE 11-10. Protocol of Programmed Stimulation for VT



Although the use of isoproterenol to facilitate induction of VT has been reported by several investigators ( 126,127 and 128), in our experience, it has a low yield in patients with coronary artery disease and sustained uniform VT (


FIG. 11-35. Facilitation of induction of sustained VT by procainamide. In the control panel, three ventricular extrastimuli fail to initiate a sustained VT. Following the administration of 15 mg/kg of procainamide producing a plasma level of 11.7 mg/L, a sustained uniform VT is induced with three extrastimuli. Note that the morphology of the sustained arrhythmia is identical to the last beats of the nonsustained VT induced in the control. See text for discussion.



The response to programmed stimulation that is obviously most difficult to interpret is the induction of polymorphic VT in a patient who has experienced a cardiac arrest. As stated earlier, aggressive stimulation (e.g., triple extrastimuli) can induce similar arrhythmias in patients who have never had a cardiac arrest, or even in people with normal hearts. In such instances, the induction of polymorphic VT is a nonspecific response and lacks relevance. Therefore, we believe that the end point of programmed stimulation should be induction of the clinical arrhythmia or, in this instance, the assumed ventricular arrhythmia. In the case of patients presenting with a cardiac arrest, although doubt will always exist, I believe one must treat the reproducible induction of a polymorphic arrhythmia as a possible indicator of the clinical arrhythmia. It cannot, however, in and of itself help one to understand the mechanism of the cardiac arrest, although some investigators have used the induction of polymorphic VT to guide therapy (see Chap. 12). Features that suggest a polymorphic VT may be mechanistically meaningful are (a) reproducible initiation of the same polymorphic template, particularly from different sites, and (b) the transformation of the polymorphic VT to a monomorphic VT by procainamide (130,131). Initiation of Sustained Uniform Ventricular Tachycardia To study tachycardia mechanisms, in addition to mere induction of a sustained uniform tachycardia, the characteristics of the resulting rhythm have important implications. These are particularly important in distinguishing between arrhythmias that are due to triggered activity secondary to delayed afterdepolarizations and those due to reentry. Thus, one should specifically analyze the following: 1. Reproducibility of initiation. 2. The relative efficacy of rapid pacing and extrastimuli on initiation of VT. 3. The requirement of catecholamines or other pharmacologic agents that directly or indirectly increase cyclic AMP activity (i.e., atropine, xanthines) to initiate VT or facilitate its initiation. 4. The interval from the last stimulus to the onset of the arrhythmia and the cycle length of the early beats of the arrhythmia to the coupling interval of extrastimuli and/or the drive cycle length used to induce the arrhythmia: To do this, the tachycardia must be stopped and started again so that the effect of changing basic drive cycle lengths and the number of extrastimuli on the ability to initiate the tachycardia can be determined and to enable analysis of the relationship of the coupling interval of the initiating extrastimulus to the interval of that between extrastimulus and the onset of the tachycardia and to the tachycardia cycle length. 5. Site specificity of induction of VT. 6. The relationship of initiation of VT to conduction delay block and/or continuous electrical activity. Variable inducibility rates have been reported for induction of sustained VT in patients with coronary artery disease, cardiomyopathy, valvular heart disease, and primary electrical disease ( 128). This is primarily related to the inclusion of nonsustained VT, patients presenting with cardiac arrest (regardless of the specific tachycardia producing arrest), or documented polymorphic VT and VF under the rubric of sustained VT. In our laboratory, in »95% of patients presenting with sustained monomorphic VT, their tachycardia can be replicated, regardless of the underlying pathology with the exception of exercise-induced sustained VT. Patients presenting with cardiac arrest and nonsustained VT have a lower incidence of inducibility; therefore, their inclusion under the rubric of “VT” is responsible for the variable induction rates reported. This is depicted in Figure 11-36, which shows the incidence of inducible arrhythmia in patients presenting with sustained uniform VT, cardiac arrest, and nonsustained VT. If only patients with coronary artery disease are evaluated, little difference occurs in the percentage of inducible arrhythmias in patients presenting with sustained uniform VT ( Fig. 11-37). However, the incidence of inducibility in patients presenting with cardiac arrest or nonsustained VT increases with coronary artery disease. Only in the latter two groups of patients does the disease process influence the ability to initiate the rhythm. Other researchers have also noted a high inducibility rate for patients presenting with sustained monomorphic VT with cardiomyopathy (idiopathic, hypertrophic, or arrhythmogenic right ventricular dysplasia), congenital heart disease, or no apparent heart disease ( 129,132,133,134,135,136,137,138,139,140,141 and 142).



FIG. 11-36. Incidence and relationship of induced arrhythmias to clinical presentation. The percentage and type of induced arrhythmia for patients with sustained monomorphic VT (SMMVT), cardiac arrest (CA), and nonsustained VT (NS-VT) are shown: 93% of patients presenting with SMMVT have SMMVT initiated; 2% have NS-VT, and only 4% are noninducible (NI). Patients with CA have SMMVT induced in 40% of cases, sustained polymorphic VT/ventricular fibrillation (SPMVT/VF) in approximately 35%, NS-VT in 8%, and no inducible arrhythmias in 17%. In patients with NS-VT, 12% have SMMVT, approximately 10% have SPMVT/VF, 40% have NS-VT, and the remainder have no inducible arrhythmias. (Data as of 6/95.)



FIG. 11-37. Inducibility of VT associated with CAD. In patients with CAD, the most marked differences are in inducibility in patients presenting with CA and NS-VT. In patients presenting with SMMVT, 95% have an inducible sustained MMVT. In patients with CA, 57% have SMMVT, and 31% have SPMVT/VF induced. Only 12% are noninducible. In patients presenting with NS-VT, 37% have an SMMVT induced, 14% have SPMVT/VF, 26% have NS-VT induced, and only 23% are noninducible.



(Data as of 6/95.)



Sustained monomorphic VT can be reproducibly initiated from day-to-day and year-to-year, particularly those with coronary artery disease ( 1,24,116). Although some investigators question the reproducibility of induction of sustained VT ( 103,117), particularly for arrhythmias requiring triple extrastimuli for induction, these investigators have lumped multiple tachycardia subtypes under the single heading of VT. If one deals only with sustained monomorphic VT, reproducibility of initiation is consistent: If the tachycardia can be induced on day 1, it will be induced on day 2, 10, or a year from the initial study. This is not to say that the exact mode of initiation is reproducible. For example, patients in whom double and triple extrastimuli are required for initiation during day 1 may have a different mode of initiation on day 2. Therefore, although the exact number of extrastimuli or site of stimulation may vary daily, the ability to initiate the arrhythmia does not. The mere repetition of stimulation, either longitudinally (by repeating the entire protocol) or horizontally (by repeating each coupling interval), enhances the sensitivity, and reproducibility of initiation (119). We have studied patients over a 3-year period without any change in our ability to initiate the tachycardia. In patients with multiple morphologically distinct sustained monomorphic VTs, all VTs may not be reproducibly initiated on a given day, but one or more will. In those tachycardias that can be initiated by single ventricular extrastimuli or atrial stimulation, the mode of initiation is also usually reproducible. Induction of VT by single VES may be seen in VT due to CAD and in patients with idiopathic LV, verapamil sensitive VT. This phenomenon perhaps reflects a substrate that is always “primed” for initiation. Although no specific anatomic characteristics influence the mode of stimulation, two electrophysiologic parameters, which are related, appear to influence the mode of initiation. These include slow tachycardias ( 143), VT in patients with the most marked abnormalities of conduction noted by endocardial mapping or signal averaging (unpublished observations), and verapamil sensitive VT ( 12,90,136,137,138,139 and 140). This suggests an important role for conduction abnormalities in initiation of the tachycardia, a finding that supports a reentrant mechanism (see following discussion). Distance of stimulation site from the site of origin or from a site of previous infarction does not appear to influence the number of extrastimuli required to initiate VT ( 143). The fact that sustained uniform VT can be reproducibly initiated excludes both normal and abnormal automaticity as the underlying mechanism. One must therefore differentiate triggered activity from reentry as the underlying mechanism because both can be initiated by programmed stimulation. Although there are numerous studies of the results of programmed stimulation on induction of sustained uniform VT, fewer data are available documenting the ability of stimulation to induce triggered activity associated with delayed or early afterdepolarizations ( 94,95,96,97,98 and 99). Ventricular tachycardias due to delayed afterdepolarizations often are related to a high catecholamine state. Induction of such ventricular arrhythmias is related to paced cycle length, number of paced complexes, and prematurity of extrastimuli delivered. These differ somewhat from triggered activity in atrial tissue superfused with nonphysiologic amounts of catecholamines ( 94,95,97). Most of the data related to triggered activity in ventricular tissue are from studies in digitalis-induced triggered rhythms in Purkinje fibers ( 94,95). Although preliminary data on triggered activity in infarcted myocardial cells are available ( 95,96,144), only one study demonstrated the ability to induce delayed afterdepolarizations in human Purkinje fibers obtained from explanted hearts superfused with ouabain or epinephrine ( 144). In neither case was sustained rhythmic activity induced, only delayed afterdepolarizations. Human VT due to digitalis intoxication have not been systematically studied. The stimulation protocols used in experimental studies are similar to those used in humans, although rapid pacing and programmed extrastimuli are used in both. Regardless of preparation, rapid pacing is the most successful method of initiating sustained triggered activity that is due to delayed afterdepolarizations. The frequency of triggering increases as the basic paced cycle length decreases. Most episodes of triggered activity induced by rapid pacing lasted less than 25 beats. Single, double, triple, or quadruple extrastimuli in the absence of prior pacing usually fails to initiate triggered activity in digitalis-intoxicated Purkinje fibers ( 145). It is rare to induce triggered activity in this preparation in the absence of a train of impulses of less than 10 complexes. On the other hand, although extrastimuli rarely initiate triggered activity during sinus rhythm, they can if delivered during a basic drive cycle that exceeds 10 paced impulses. In this latter instance, at any given paced cycle length, the frequency of triggering increases as the coupling interval of the premature stimulus decreases. In ouabain-perfused preparation, the cycle length of triggered activity induced by rapid pacing or extrastimuli is related to the paced cycle length and coupling interval of the extrastimuli, such that the faster the paced rate, the faster the tachycardia. The maximum reproducibility of initiation using all methods is 50% of patients presenting with cardiac arrest in the setting of coronary artery disease ( Fig. 11-37). In such patients, induction of sustained VT more often requires triple extrastimuli than in patients presenting with hemodynamically tolerated VT ( Fig. 11-31, Fig. 11-34, and Fig. 11-38). The major difference is the cycle length of the VT, which is shorter for patients presenting with cardiac arrest at comparable modes of initiation ( p < .05, Fig. 11-39). In patients presenting with cardiac arrest, initiation of VT by a single ventricular extrastimulus is rare.



FIG. 11-38. Results of programmed stimulation in 147 consecutive patients presenting with sustained uniform ventricular tachycardia and 83 presenting with cardiac arrest. The incidence of inducible sustained ventricular arrhythmias is greater in patients presenting with sustained uniform VT than in those presenting with cardiac arrest. Note the increased requirement of triple extrastimuli and left ventricular stimulation for induction of sustained arrhythmias in patients presenting with cardiac arrest. See text for further discussion. RVP = rapid ventricular pacing.



FIG. 11-39. Relationship of cycle length of induced tachycardias (VT CL) to mode of induction in the group of patients presenting with recurrent sustained VT (VT-S) and cardiac arrest. Horizontal and vertical bars denote mean values of induced tachycardia cycle length and standard deviations. Open circles represent induced tachycardias of uniform pattern, and asterisks represent polymorphic tachycardias. Regardless of mode of initiation, patients presenting with cardiac arrest have faster tachycardias induced than those presenting with VT–S. S = tachycardias induced by single ventricular extrastimuli; D = induction by double extrastimuli; T = induction by triple extrastimuli. (From: Buxton AE, Waxman HL, Marchlinski FE, et al. Role of triple extrastimuli during electrophysiologic study of patients with documented sustained ventricular tachyarrhythmias. Circ 1984;69:532.)



Atrial extrastimuli can initiate VT in approximately 5% of patients with sustained uniform VT ( Fig. 11-40). Usually, but not always, these tachycardias can also be initiated by ventricular extrastimuli ( Fig. 11-41). These VT are usually slower and very reproducibly initiated over a broad zone of coupling intervals ( 146). Initiation of sustained uniform VT by atrial stimulation is more common in patients without coronary disease ( 136,137,138,139 and 140,146,147).



FIG. 11-40. Initiation of VT by atrial stimulation. Leads II, V1, and V6 are shown with electrograms from the HRA, CS, HIS, and low right atrium (LRA). During a basic drive cycle length of 500 msec, an atrial premature depolarization delivered at 360 msec initiates VT with a right bundle branch block left axis deviation morphology. The V–V interval initiating this rhythm is 410 msec. In the right-hand panel, when the A 1A2 interval is decreased to 300 msec and the resultant V 1V2 to 380 msec, VT is induced again. Note a decrease in the interval from the premature QRS complex to the onset of the tachycardia as the coupling interval of the APD is reduced. See text for discussion. (From: Wellens HJ, Bar FW, Farre J, et al. Initiation and termination of ventricular tachycardia by supraventricular stimuli. Am J Cardiol 1980;46:576.)



FIG. 11-41. Initiation of VT by atrial and ventricular stimulation. A. VT is initiated by a single atrial extrastimulus delivered at a coupling interval of 315 msec, producing a V1V2 interval of 400 msec. B. A ventricular extrastimulus at a shorter V 1V2 interval (290 msec) is required to initiate the VT. See text for discussion.



In comparison, in experimental VT due to digitalis intoxication, sustained VT due to triggered activity could be reproducibly induced with single and double extrastimuli in only 25% (145). Moreover, triggered rhythms were unable to be induced by stimulation during sinus rhythm or by extrastimuli delivered during a drive train of less than 8 to 10 paced complexes. All experimental studies on triggered activity demonstrate that the reproducibility is markedly affected by quiescence; that is, it is harder to induce triggered activity after a triggered rhythm has been just initiated. Human tachycardias believed to be due to delayed afterdepolarizations are inducible by PES in 90% of patients. This has been tested in our laboratory using our protocol, which uses rapid pacing before the introduction of triple extrastimuli. In the 25% or so of patients with sustained VT who require triple extrastimuli for initiation, the use of rapid pacing has failed to initiate their tachycardia. Thus, rapid pacing only adds a few percent points to the overall inducibility rate.



FIG. 11-42. Initiation of VT by rapid ventricular pacing. Leads 2 and V1 are shown with electrograms from the CS, A–V junction (AVJ), RVA, and distal and proximal pairs of electrodes at the left ventricular septum (LVS d, LVSp). Burst pacing from the RVA initiates VT with a left bundle branch block configuration. S, arrow denotes stimulus artifact.



FIG. 11-43. Initiation of VT by atrial pacing in a patient with coronary artery disease. Atrial pacing at a cycle length (CL) of 450 msec initiates VT. Note the Q waves in leads 1 and V 1 from a prior anteroseptal infarction. The H–V interval is also prolonged at 70 msec. The onset of VT is marked by the arrow and a dashed vertical line.



FIG. 11-44. Initiation of VT by atrial pacing in a patient with hypertrophic cardiomyopathy. Atrial pacing at a CL of 400 msec initiates VT with a left bundle branch block morphology.



The cycle length of VT induced with single ventricular extrastimuli is usually longer than that induced with double or triple extrastimuli or rapid pacing ( Fig. 11-45, Table 11-11) (143). Occasionally, rapid VT can also be induced with a single extrastimulus ( Fig. 11-46). This usually occurs in the rare patient presenting with cardiac arrest in whom a single extrastimulus can initiate VT. Fast or slow tachycardias can be induced by double extrastimuli. When the same VT is induced from multiple sites it has a similar cycle length ( Fig. 11-47 and Fig. 11-48). The cycle lengths of VTs requiring ³3 extrastimuli for induction is comparable to that induced by two extrastimuli. These VT cycle lengths are usually shorter than those induced with single extrastimuli. An example of a rapid VT induced by triple extrastimuli is shown in Figure 11-49. Nonetheless, exceptions to this general pattern are not uncommon. We have seen a patient whose VT required four extrastimuli from the left ventricle during sinus rhythm for initiation that had a cycle length of 360 msec ( Fig. 11-50). Moreover, even when rapid pacing is used, there is usually no relation between the PCL initiating the VT and the interval to the first complex of the tachycardia, the cycle length of early beats of the tachycardia, or the minimum rate of the tachycardia. Rapid pacing produces the same tachycardia that is induced with less aggressive measures of stimulation ( Fig. 11-51).



FIG. 11-45. Initiation in a relatively slow VT with a single ventricular extrastimulus. A. Two sinus complexes are followed by a ventricular extrastimulus (V p) delivered at 310 msec, which fails to initiate a tachycardia. B. When the coupling interval of the ventricular stimulus is decreased to 280 msec, VT with left bundle branch block morphology is induced. Note the relatively long VT CL of 370 msec. See text for discussion. CS d = distal CS; CSp = proximal CS.



TABLE 11-11. Mode of Initiation of VT Compared with Cycle Length of the 126 Morphologically Distinct Tachycardias in 104 Patients



FIG. 11-46. Initiation of a rapid VT by a single ventricular extrastimulus. During a BCL of 600 msec, a ventricular extrastimulus delivered at a coupling interval (S 1–S2) of 250 msec initiates a rapid VT with a CL of 270 msec. This patient presented with a cardiac arrest. See text for discussion.



FIG. 11-47. Initiation of the same VT From two right ventricular sites. VT with a left bundle branch block right inferior axis and a CL of 350 msec is induced by double VES delivered at the same coupling intervals from ( A) the RVOT and (B) the RVA.



FIG. 11-48. Initiation of VT with the same morphology and cycle length by right or left ventricular stimulation. Double extrastimuli delivered at 400 msec from (A) the RVA, (B) RVOT, and (C) inferobasal LV initiate a left bundle branch block VT with a similar cycle length. See text for discussion.



FIG. 11-49. Initiation of rapid VT with triple extrastimuli. A. Double extrastimuli delivered from the RVOT initiate a nonsustained VT at a CL of approximately 300 msec. B. When three extrastimuli are delivered at relatively short coupling intervals, a more rapid sustained uniform tachycardia at a cycle length of 250 msec is induced. See text for discussion.



FIG. 11-50. Initiation of a slow VT by four ventricular extrastimuli. A and B. Triple (top) and (C) quadruple extrastimuli delivered from the LV during sinus rhythm fail to initiate VT. When the coupling intervals of the third and fourth extrastimuli are shortened slightly, S-UVT with a CL of 360 msec is initiated. This was the only mode of induction of VT in this patient. See text for discussion.



FIG. 11-51. Lack of relationship of VT cycle length to mode of induction. A left bundle branch block VT of similar cycle lengths is induced by (A) double extrastimuli delivered at 400 msec; (B) triple extrastimuli delivered at a basic drive of 600 msec; and (C) bursts of rapid pacing at 220 msec. See text for discussion.



Thus, the reproducibility of initiation by single, double, or triple extrastimuli delivered during sinus rhythm or eight-beat paced cycle lengths, the low yield of rapid pacing-induced initiation, the lack of requirement for a period of quiescence between inductions, and the failure to demonstrate a linear relationship of the PCL to the interval to the first complex and initial cycle length of the tachycardia all suggest reentry rather than triggered activity as the mechanism of the arrhythmia. Moreover, the relationship of the ease of inducibility (single extrastimuli vs. double or triple extrastimuli) and the VT cycle length to abnormalities of conduction are further support of reentry, because such abnormalities should not affect triggered activity. Isoproterenol infusion, which markedly facilitates the induction of triggered activity, has a limited effect on inducing sustained VT, particularly that which is due to coronary artery disease. As mentioned earlier, although some investigators have noted facilitation of induction of VT by isoproterenol infusion of up to 20% ( 127), in our experience, it is significantly lower, usually in the range of 5%. This is opposite of what would be expected if the sustained uniform VT were due to triggered activity. Exercise-related VT is a specific type of VT in which rapid pacing and/or isoproterenol are the most efficacious methods of initiation, raising the possibility of triggered activity as the underlying mechanism. Typically, these have a left bundle branch block right inferior axis and arise from the right ventricular outflow tract. An example of such a tachycardia in which atrial and ventricular pacing and isoproterenol initiated the tachycardia at approximately the same cycle length is shown in Figure 11-52. Similar tachycardias can arise in the left ventricle near the junction of the aotic and mitral valve. Although these catechol-mediated tachycardias occasionally present as sustained VT, more often, they present as repetitive nonsustained tachycardia. This specific entity is discussed later in this chapter.



FIG. 11-52. Initiation of exercise-induced VT by programmed stimulation and isoproterenol infusion. In the top two panels, atrial pacing and ventricular pacing at CLs of 300 msec initiate VT with a left bundle branch block right inferior axis configuration and a cycle length of 280 msec. Following isoproterenol infusion, which shortened the sinus cycle length (SCL) to 415 msec, VT occurs spontaneously. See text for discussion.



Possible mechanisms for facilitation of induction of sustained monomorphic VT associated with prior infarction by isoproterenol include the production of ischemia, improving ventricular conduction by hyperpolarization, or shortening ventricular refractoriness, thereby allowing introduction of ventricular extrastimuli of greater prematurity. In my experience it is this latter mechanism that is most commonly operative in patients with coronary artery disease ( Fig. 11-53). Obviously, facilitation of initiation would occur if the mechanism were triggered activity. One would expect initiation with rapid pacing or longer coupling intervals if the mechanism were triggered activity.



FIG. 11-53. Facilitation of induction of VT by isoproterenol in a patient with coronary artery disease. A–C. Double extrastimuli fail to initiate VT. Following isoproterenol, the local refractory period at the stimulation site is shortened and closer coupled premature stimuli can capture the ventricle and initiate VT. This rapid VT was identical to that spontaneously occurring in a patient that caused cardiac arrest.



Paroxysmal VT in patients with normal hearts who present with paroxysmal VT having a right bundle branch block left axis deviation configuration can also be induced easily by rapid atrial and/or ventricular pacing ( Fig. 11-54). This VT is characteristically sensitive to verapamil ( 136,137,138,139 and 140). In this latter group of patients, single and double ventricular extrastimuli also frequently initiate arrhythmia. In addition, other characteristics of these tachycardias, discussed in subsequent paragraphs, suggest they are more consistent with reentry. This is in sharp contrast to exercise-related tachycardias, in which sustained episodes rarely can be initiated with ventricular extrastimuli.



FIG. 11-54. Initiation of VT in a patient with a normal heart by rapid ventricular pacing. A. Following two sinus complexes, stimulation from the RVOT (not shown) at a cycle length of 400 msec is begun. B. On cessation of pacing, VT is initiated. Note the right bundle branch block superior axis morphology, which is characteristic of patients with idiopathic VT and normal hearts. See text for discussion. NSR = normal sinus rhythm.



Although torsade de pointes is a rhythm that some investigators say is compatible with early afterdepolarizations (described later in this chapter), Cranefield and Aronson (95,99) suggest that early afterdepolarizations could give rise to a uniform tachycardia as well. These investigators have suggested that typically triggered activity that is due to early afterdepolarizations is initiated by a short-long-short sequence of complexes. Cranefield uses this sequence to explain why standard electrophysiologic protocols do not induce tachycardias. In my experience, the short-long-short sequence is not that uncommon a mode of spontaneous initiation of uniform sustained VT. An example is shown in Figure 11-55, in which a short-long-short sequence is observed initiating a spontaneous arrhythmia, which can subsequently be induced by standard programmed stimulation. Approximately 50% of sustained hemodynamically tolerated monomorphic VTs begin with a relatively long (just after the T wave) ventricular complex, which is similar to the other complexes of the tachycardia ( 148,149). In patients presenting with a cardiac arrest, long-short or short-long-short onsets are more common ( 150). Most of these rhythms can be initiated by PES suggesting a reentrant mechanism. Thus, no evidence suggests that a specific sequence of initiating events is characteristic of a mechanism of triggered activity that is due to early afterdepolarizations. In summary, based on reproducibility and mode of initiation, the bulk of evidence suggests that recurrent sustained uniform VT not related to exercise has a reentrant mechanism. Only in the case of exercise-induced VT are the initiation data compatible with triggered activity.



FIG. 11-55. Ability to initiate sustained VT in a patient whose spontaneous tachycardia occurred after a “short-long-short” sequence. A. A spontaneous ventricular premature complex (VPC) that appears at 450 msec fails to initiate a tachycardia but is followed by a pause. This pause is followed by spontaneous initiation of VT, which occurs at a longer coupling interval (630 msec) than the isolated VPC, which did not initiate an arrhythmia. B. The same tachycardia can be initiated by double extrastimuli from the RVA. Thus, the spontaneous initiation of VT by “short-long-short” CLs does not imply a specific mechanism of the tachycardia. See text for discussion.



Relationship of Coupling Intervals and Cycle Length Initiating Tachycardia to the Onset of Ventricular Tachycardia and the Initial Ventricular Tachycardia Cycle Length Conduction delay is required for initiation of reentrant rhythms (see following discussion). Therefore, an inverse relationship between the coupling interval of the extrastimulus initiating the tachycardia and the interval from the stimulus to the first complex of the tachycardia favors reentry. Similarly, an inverse relationship between the drive cycle length during which extrastimuli at the same coupling interval initiate the tachycardia, and the interval to the onset of the tachycardia, would also favor reentry. When multiple ventricular extrastimuli are used, it is difficult to evaluate this relationship. In either case, if a reentrant rhythm is present, the initial cycle length would reflect conduction through the tachycardia circuit, which, in the absence of exit block, should demonstrate the same or longer cycle length as the remaining tachycardia cycles, depending on whether any conduction delay is produced in the circuit on initiation. These findings are in contrast to those observed in triggered rhythms due to delayed afterdepolarizations (DADs) in ventricular tissue that often exhibit a direct relationship to the PCL or to the coupling intervals of the extrastimuli that initiate them. Typically, in tachycardias due to DADs the initial cycle of the tachycardia usually bears a direct relationship to the paced cycle length, with or without a direct relationship to the coupling interval of extrastimuli delivered ( 145). Thus, the shorter the paced cycle length, with or without extrastimuli, that initiates the tachycardia, the shorter the interval to the first beat of the tachycardia and the shorter the initial cycle length of the tachycardia. Occasionally, with early extrastimuli in digitalis-intoxicated preparations, a jump in the interval to the onset of the triggered rhythm occurs such that it is approximately double the interval to the onset of the tachycardia initiated by later coupled extrastimuli. This has been explained by failure of the initial delayed afterdepolarization to reach threshold while the second reaches threshold. Thus, in triggered activity due to DADs in ventricular tissue, the coupling interval of the initial complex of the tachycardia either shortens or suddenly increases in response to progressively premature extrastimuli. It never demonstrates an inverse or gradually increasing relationship. It must be reiterated that, in response to drive cycle length, the onset of the tachycardia always has a direct relationship with the drive cycle length, regardless of the tissue used. Only with the addition of very early extrastimuli or occasionally very rapid pacing (


FIG. 11-56. Initiation of VT with an inverse relationship of coupling intervals to the interval preceding the onset of the tachycardia. A single ECG lead, V 1, and an electrogram from the RVA are shown in three panels. A. At a coupling interval of 360 msec, a single repetitive ventricular response is noted with a coupling interval of 610 msec. B. At a closer coupling interval of 300 msec, VT begins after a pause of 620 msec. C. Finally, at an even shorter coupling interval of 250 msec, VT is again initiated, with an even longer pause of 650 msec. This inverse relationship is compatible with a reentrant mechanism. See text for discussion.



FIG. 11-57. Inverse relationship of coupling interval of premature stimuli to the interval at onset of initiation of VT in a patient with no heart disease. A–D. VES are delivered from the RVA at a BCL of 400 msec. A–C. As the coupling interval is reduced from 300 msec to 270 msec, VT is initiated but with a progressively longer interval to the onset of the tachycardia. D. At an even shorter coupling interval of 260 msec, no VT is initiated. See text for discussion.



FIG. 11-58. Inverse relationship of basic drive cycle length and interval to onset of induced VT. A. At a BCL of 600 msec, a premature stimulus delivered at 290 msec initiates VT, which begins after a delay of 500 msec. B. When the basic drive cycle length is reduced to 400 msec, a single extrastimulus induced at an identical coupling interval of 290 msec initiates the same VT but after a longer delay of 515 msec. This inverse relationship at a BCL is supportive of a reentrant mechanism. See text for discussion.



FIG. 11-59. Lack of effect of basic drive cycle length or mode of stimulation on coupling interval to onset of induced VT. A. VT is initiated by atrial pacing at a cycle length of 320 msec. The tachycardia begins after an interval of 500 msec from the last ventricular depolarization. B. Pacing from the RVA at a CL of 360 msec initiates the identical VT, which begins after the same delay as observed in (A) when the drive CL was shorter. C. At an even longer drive CL of 400 msec, a single extrastimulus delivered from the RVA again initiates the same tachycardia with the same delay to the onset of the tachycardia as noted in (A) and (B). The failure of paced cycle length or mode or initiation to influence either the coupling interval to the onset of VT or the early cycles of VT are incompatible with triggered activity. See text for discussion.



Relationship of Stimulation Site to Initiation of Ventricular Tachycardia With triggered rhythms, the site of stimulation should have no effect on initiating a tachycardia as long as the impulse reaches the site of triggered activity. This is not so for reentrant arrhythmias, where wavefront of activation may be important in developing block and slow conduction. Unpublished observations from our laboratory have shown that single and double extrastimuli delivered at paced cycle lengths of 600 or 400 msec always reach the site of origin of left VTs, even in the presence of markedly abnormal conduction manifested by abnormal electrograms. One can usually demonstrate changes in local abnormal electrograms at arrhythmogenic sites in response to different sites of stimulation. This observation supports the role of tissue anisotropy in creating conduction delays associated with initiation of VT. Thus, failure to reach the site of tachycardia origin cannot be used to explain differences in incidence of inducibility by the site of stimulation. As stated earlier, although in most patients, the same tachycardia can be initiated from both the right ventricular outflow tract and right ventricular apex (see Fig. 11-34), this is most often true when single extrastimuli (Fig. 11-60) initiate the tachycardia. The site of stimulation may be an extremely important factor in initiating VT in humans if only the right ventricular apex is used. Twenty to 30% of patients will require stimulation from a second right ventricular site if two extrastimuli delivered at two PCLs are employed. If three extrastimuli are employed, 10% to 25% of patients will require a second right ventricular site ( 105,112). As noted earlier, we have found that if three extrastimuli fail to initiate sustained uniform VT from the right ventricular apex, 22% of tachycardias can be initiated from the right ventricular outflow tract ( Fig. 11-61) (112). If only two extrastimuli are involved, nearly 10% of patients will require stimulation from the left ventricle ( Fig. 11-62) (125). If a protocol including three extrastimuli delivered at two right ventricular sites and at multiple drive cycle lengths is used, the incidence for requirement of left ventricular stimulation to initiate a



sustained VT is 


FIG. 11-60. Initiation of the same morphologically distinct tachycardia by stimulation at the right ventricular apex and outflow tract. A and B. Programmed stimulation is performed at a basic drive cycle length of 600 msec, and premature stimuli are delivered at 310 msec. Stimulation from ( A) the RVA and (B) the RVOT initiates the identical tachycardia.



FIG. 11-61. Initiation of two VTs from the right ventricular outflow tract when stimulation from the right ventricular apex failed to initiate a tachycardia. A. Triple ventricular extrastimuli delivered at a paced cycle length of 400 msec from the RVA failed to initiate VT. B and C. Pacing from the RVOT at a comparable drive cycle length and coupling intervals of extrastimuli initiates two morphologically distinct tachycardias. This observation may be seen in » 20% of patients. See text for discussion.



FIG. 11-62. Requirement of left ventricular stimulation to initiate VT. A. Double VES delivered from the RVA fail to initiate VT. B. When double VES at identical coupling intervals are introduced at the LVA, sustained uniform VT is initiated. See text for discussion.



FIG. 11-63. Initiation of VT from the LV after failure of initiation from the RV. A and B. Stimulation from the RVA (double extrastimuli) and RVOT (triple extrastimuli) fail to initiate VT. C. Double extrastimuli from the LV initiate sustained VT. See text for discussion.



Because the incidence of inducing nonspecific polymorphic tachycardias increases with the use of increasing numbers of extrastimuli, one should employ a protocol that allows testing from multiple sites with the least number of stimuli before using more aggressive protocols. Using the protocol shown in Table 11-10, we have found that in approximately 20% of people sustained monomorphic VT can be initiated with less extrastimuli at one site than at another. This is an important observation, if one wants to limit the potential for developing polymorphic VT and VF. A dramatic example is shown in Figure 11-64, in which triple extrastimuli from the right ventricular apex could initiate only a polymorphic VT in a patient with spontaneous sustained monomorphic VT. Stimulation from the right ventricular outflow tract at longer coupling intervals induced two different sustained monomorphic VTs, which were identical to those spontaneously occurring in the patient. An even more dramatic example of the influence of inducibility is shown in Figure 11-65. Here, triple extrastimuli from the right ventricular apex failed to initiate any VT, but a single extrastimulus delivered from the right ventricular outflow tract initiated a well-tolerated sustained monomorphic VT. Thus, a second right or left ventricular site may be required for initiation or may make initiation possible with a fewer number of stimuli in 30% to 40% of patients. As noted earlier, patients with sustained uniform VT who present with a cardiac arrest more frequently require left ventricular stimulation than patients presenting with tolerated uniform VT ( 38). The reasons for this are unclear, but may be related to a lesser amount of conduction abnormalities produced by a broad wavefront from the RV compared to that produced by a more narrow wavefront initiated in the LV. In sum, the demonstration of absolute or relative site specificity for initiation of VT, using standard stimulation protocols that have been demonstrated to reach the site of tachycardia origin, favors a reentrant mechanism for VT. Rhythms related to delayed afterdepolarizations should show no evidence of site specificity as long as comparable coupling intervals can reach the site of delayed afterdepolarizations.



FIG. 11-64. Initiation of polymorphic VT from the RVA and uniform VT from the RVOT. A. Triple extrastimuli delivered from the RVA at a PCL of 400 msec initiates a nonsustained polymorphic VT. B and C. Stimulation from the RVOT at longer coupling intervals initiates two distinct uniform VTs. See text for clinical significance.



FIG. 11-65. Site specificity for induction of VT. A. Triple VES delivered from the RVA at a PCL of 400 msec fail to initiate the tachycardia. No form of stimulation from the RVA initiated sustained VT. B. However, a single VES stimulus delivered from the RVOT at a drive CL of 600 msec initiates a sustained uniform VT. This remarkable site specificity would not be characteristic of a triggered rhythm and demonstrates the need for a protocol using at least two right ventricular stimulation sites. See text for discussion.



Relationship of Initiation of VT to Conduction Delay, Block, and/or Continuous Activity Rhythms that are due to automaticity or triggered activity do not require associated conduction delay and/or block for initiation while classically, reentry requires conduction delay with or without block. As discussed earlier, evidence of conduction abnormalities is virtually universal in patients with cardiac disease (primarily coronary artery disease) during sinus rhythm, as manifested by either abnormal electrograms, endocardial mapping, or positive signal-averaged ECGs, in patients in whom inducible tachycardias are present. Theoretically, if reentry was the mechanism of the tachycardia, electrical activity should occur throughout the tachycardia cycle. Thus, during diastole, conduction must be extremely slow and in a small enough area such that it is not recorded on the surface ECG. The demonstration that initiation of the tachycardia depended on a critical degree of slow conduction, manifested by fragmented electrograms spanning diastole, and that maintenance of the tachycardia was associated with repetitive continuous activity, would be compatible with reentry ( 155). The initiation of tachycardias associated with continuous activity was initially recorded in acute ischemic arrhythmias in an experimental canine model by Boineau and Cox ( 156) and Waldo and Kaiser ( 157) and subsequently by El-Sherif et at. ( 158) in a canine model of infarction with inducible sustained VT. We have found similar, continuous repetitive activity in local areas of the endocardium, which was required to initiate and maintain the tachycardia in humans in 5% of patients during catheter mapping ( 155) and in 10% of patients using intraoperative mapping. Although some have questioned continuous activity as potentially being due to motion artifact ( 159,160), in vitro tissue studies (39,40) have shown that such fragmented electrograms are not due to motion artifact. In humans, Waxman and Sung ( 161) and Brugada et al. (162) claimed that continuous activity is not related to the tachycardia mechanism, but the examples that they proposed demonstrating continuous activity showed inconsistent electrograms lasting only two cardiac cycles. This clearly would not meet our definition of continuous activity, which is required to maintain the tachycardia. Electrical signals that come and go throughout diastole should not be considered continuous. This is not to say that all fragmented electrical activity noted at the onset and during VT represents reentrant activity. Such activity may represent artifacts, dead-end pathways, or electrical activity otherwise unrelated to the genesis and maintenance of the tachycardia. For continuous activity to be consistent with reentry, the following must be demonstrated: (a) The initiation of VT depends on broadening of electrograms that span diastole, as in Figure 11-66 and Figure 11-67. (b) The tachycardia maintenance depends on continuous activity, such that termination of the continuous activity, either spontaneously or following stimulation, without affecting the tachycardia would exclude such “continuous” activity as requisite for sustaining the tachycardia ( Fig. 11-68 and Fig. 11-69). (c) Pacing at a cycle length comparable to VT does not produce a broadening of electrogram to span the cardiac cycle and appear continuous, that is, create an electrogram whose duration equals the paced cycle length. (d) Motion artifact is excluded (this is easiest because such electrograms are recorded only in infarcted ventricle, and never from moving contractile normal ventricle. (e) The continuous activity is recorded from a circumscribed area (see Fig. 11-66, Fig. 11-67, Fig. 11-68 and Fig. 11-69). (f) Finally, if possible, ablation of the area from which continuous activity is recorded will terminate the tachycardia. Thus, the mere presence of “continuous activity” at the onset and during VT does not automatically imply that this electrical activity is related to the genesis and maintenance of the tachycardia. One must stimulate during VT to prove that the presence of such electrical activity is requisite for the arrhythmia. Persistent changes in the repetitive continuous waveform produced by stimulation should be associated either with termination of the arrhythmia or with changing it to a different tachycardia. A change in the electrogram on the simulated beat may reflect antidromic capture by the stimulated wavefront of part of the tissue giving rise to the continuous activity. The tachycardia would either be reset or terminated if the electrical signals were recorded from the reentrant circuit.



FIG. 11-66. Initiation of VT associated with the development of continuous activity in a patient with coronary artery disease. Surface leads 2 and V 1 are shown with electrograms from the CS, HBE, RVA, and at the border of left ventricular aneurysm (LV-An) and just inside the LV-An. A and B. Ventricular pacing is carried out from the RVA at a CL of 700 msec. A. A ventricular extrastimulus delivered at 300 msec produces marked prolongation of duration of the electrogram in the LV-An ( arrow). This is not followed by VT. Note in the ensuing sinus complex that the electrogram recorded from the LV-An has multiple components, is of low amplitude, and long duration. B. When the coupling interval is reduced to 290 msec, V 2 in the LV-An is associated with prolonged continuous electrical activity, which spans diastole and is associated with initiation of VT. Note that during VT, continuous electrical activity remains in the electrogram from the LV-An, yet the electrogram recorded from a proximal pair of electrodes, 1 cm away, at the border of the LV-An, does not show continuous activity. See text for discussion.



FIG. 11-67. Initiation of VT associated with continuous activity in a patient status post repair of tetralogy of Fallot. Three ECG leads and electrograms from the distal RVOT (RVOTd) at the site of a prior infundibulotomy scar, the proximal RVOT (RVOT p) and the RVA are shown. A single extrastimulus delivered from the RVA initiates VT. Note the initiation is associated with fragmentation and delay of the electrogram in the distal RVOT, which remains continuous during the tachycardia. See text for discussion.



FIG. 11-68. Requirement for continuous activity for maintenance of VT. This figure is organized the same as Fig. 11-66. A and B. Ventricular pacing and extrastimuli are delivered during a cycle length of 600 msec. A. An extrastimulus from the RVA at 320 msec initiates a bundle branch reentrant complex followed by a single repetitive response. B. When the coupling interval is reduced to 310 msec, continuous electrical activity is produced in the electrogram from the LV-An, and VT is initiated. C. When continuous activity stops ( broad arrow), the tachycardia terminates. See text for discussion.



FIG. 11-69. Termination of VT with termination of continuous activity. Surface leads 2 and V 1 are shown with electrograms from the CS, HBE, RVA, and electrograms along the posterior-inferior left ventricular septum from the distal pair (d) and proximal (p) pair of electrodes on the same catheter. Continuous electrical activity is observed during VT in the distal LV septal electrogram. Following a burst of ventricular pacing at 200 msec, continuous activity is disrupted and tachycardia terminates. Note the flat baseline following termination. The electrogram from the distal LV is markedly abnormal, with multiple components, long duration, and low amplitude during the two sinus beats that follow termination of the tachycardia. See text for discussion. (From: Josephson ME, Horowitz LN, Farshidi A. Continuous local electrical activity: a mechanism of recurrent ventricular tachycardia. Circ 1978;57:659.)



Conduction delay that is not quite continuous can also be seen at initiation of tachycardia in an additional 5% of patients ( Fig. 11-70). Conduction delays producing nearly continuous activity may critically depend on rate. They may only be seen when extrastimuli are delivered during a short-paced drive cycle length ( Fig. 11-70) or during a burst of ventricular pacing ( Fig. 11-71). If the recording electrode is not recording the entire circuit, one may see broadening of the electrogram such that the delayed late component becomes the early component during the tachycardia ( Fig. 11-71 and Fig. 11-72). Proof that this late potential in fact becomes an early potential (as far as the tachycardia circuit is concerned) requires demonstration that this potential bears a fixed relationship to the subsequent QRS despite changes in cycle length observed spontaneously or during pacing. This is discussed further in the section regarding methods of localizing VT. It is imperative that such validation be attempted so that dead-end pathways, which are late and unrelated to the tachycardia, are not mistaken for early activity. Failure to demonstrate continuous activity in all cases suggests that the tachycardia circuit is larger than the recording area of the catheter and/or that the catheter is not covering the entire circuit. Because catheter and intraoperative mapping of VT associated with prior infarction suggests that most tachycardias exit a diastolic pathway 1–3 cm long and a few mm to 1 cm wide, with a circuit area probably in excess of 4 cm2, failure to record continuous activity is not surprising (see later section on activation mapping during VT). Continuous activity, when observed, is always found at sites that demonstrate a markedly abnormal electrogram in sinus rhythm ( Fig. 11-73; also see Fig. 11-66, Fig. 11-67, Fig. 11-68 and Fig. 11-69).



FIG. 11-70. Initiation of VT by ventricular extrastimuli producing nonholodiastolic conduction delay. Leads 2 and V1 and electrograms from CS, AVJ, and RVA are shown with electrograms recorded from the distal and proximal pair of electrodes along the midleft ventricular septum (LV.Sep.). Two ventricular extrastimuli delivered from the RVA during a basic drive cycle length of 400 msec result in progressive conduction delay ( arrows), which reaches a critical degree to initiate VT. The subsequent tachycardia beats have a mid-diastolic or late systolic potential ( arrow), which corresponds to the delayed potential of the S 3 initiating the tachycardia. Note that the terminally delayed electrogram on S 3 (third arrow), which initiates the tachycardia, has the same timing to the large left ventricular electrogram on the initial beat and on subsequent beats. This relationship suggests that it is related to all subsequent beats and represents an integral part of a reentrant circuit. See text



for discussion.



FIG. 11-71. Initiation of VT by rapid ventricular pacing producing progressive conduction delay. A–C. Three ECG leads, an electrogram from the RVA, and two LV electrograms are shown. A and B. Pacing at 600 and 400 msec, respectively, fails to initiate a tachycardia; however, progressive delay of the LV electrogram is seen. Note the marked abnormalities of the LV electrogram during the sinus complex following pacing. C. When the paced cycle length is reduced to 300 msec, the LV electrogram splits, and the second component becomes progressively delayed until it spans diastole and initiates a VT ( curved arrow). See text for discussion.



FIG. 11-72. Ventricular tachycardia induced by ventricular pacing associated with local left ventricular conduction delay. This figure is organized identically to Fig. 11-66 and Fig. 11-68. The catheter, however, has moved slightly. During ventricular pacing from the RVA at 300 msec, progressive fractionation and conduction delay in the LV-An recording ( broad arrows) result in initiation of VT. See text for discussion. (From: Josephson ME, Horowitz LN, Farshidi A. Continuous local electrical activity: a mechanism of recurrent ventricular tachycardia. Circ 1978;57:659.)



FIG. 11-73. Relationship of electrogram demonstrating continuous activity during VT to sinus rhythm. This figure is organized the same as Fig. 11-69. During VT on the right, continuous electrical activity is present in the distal posteroinferior septal recording. During sinus rhythm on the left, the same electrogram demonstrates a multicomponent low-amplitude signal, 180 msec in duration, which extends well beyond the end of the QRS. Such abnormal electrograms are typical of sites from which continuous electrical activity is observed. (From: Josephson ME, Horowitz LN, Farshidi A. Continuous local electrical activity: a mechanism of recurrent ventricular tachycardia. Circ 1978;57:659.)



Role of the His-Purkinje System in Initiating and Maintaining Sustained Uniform Ventricular Tachycardia Since the recognition of reentry within the His-Purkinje system as a normal phenomenon that can produce isolated repetitive responses, several investigators have observed persistent His-Purkinje reentry try as a form of macroreentrant VT ( 16,17,163). The demonstration of a macroreentrant circuit using the bundle branches, or more recently the fascicles (164), is of more than intellectual interest because this type of tachycardia can be cured by catheter ablation techniques ( 163,164,165 and 166). Sustained bundle branch reentrant VT is uncommon. Although Casceres et al. ( 17) suggested that it is responsible for 6% of VT, I have observed only 11 instances in which bundle branch reentry was the sole inducible, and presumed clinical, monomorphic VT out of nearly nearly 1300 consecutively studied cases. None of our 11 cases had a prior infarction: 7 had cardiomyopathy, 2 had aortic valve disease, and 2 had myotonic dystrophy. All but one of our patients and the vast majority reported in the literature (16,17,163,164 and 165) had either complete or incomplete left bundle branch block pattern and H–V intervals ³ 65 msec in sinus rhythm. They all had bundle branch reentry with a left bundle branch block pattern (see Chap. 2). A single patient had incomplete right bundle branch block, and he had bundle branch reentry with a right bundle branch block pattern. In contrast, in patients with prior infarction (virtually always a large anterior infarction) interfascicular reentry is the predominant rhythm observed requiring the His-Purkinje system (see Chap. 2). Interfascicular reentry may also be seen in patients without infarction, including patients with bifascicular block due to degenerative disease of the conducting system. Our failure to observe a higher incidence of sustained bundle branch reentry may be directly related to the patient population studied and, to a lesser degree, to the stimulation protocol used. We have studied only 77 patients with sustained uniform VT and cardiomyopathy, only 7 of whom had bundle branch reentry. Although Casceres et al. ( 17) suggest, and I agree, that this disorder is often unrecognized, I think the patient population is the most important factor in trying to determine the frequency of its occurrence. Stimulation is generally performed from the right ventricle, which is much less likely to give rise to bundle branch reentry with a right bundle branch block pattern, athough we have seen such a patient (see below). Moreover, in my experience the majority of patients with bundle branch reentry and interfascicular reentry have spontaneous and/or inducible intramyocardial reentrant VT as well. To prove bundle branch reentry is operative, several criteria should be met: (a) critical degree of retrograde His-Purkinje conduction delay (V–H prolongation) for initiation; (b) an H–V interval during the tachycardia ³ H–V during sinus rhythm can be seen if the His bundle is recorded distally. It is also possible to see a shorter H–V interval during the tachycardia than sinus rhythm if a very proximal His bundle (far from the turnaround site) is recorded; (c) during bundle branch reentry with an LBBB pattern, the His deflection occurs before the right bundle deflection (the H–RB during VT can be greater or less than the H–RB in sinus rhythm, depending on the recording site of the His bundle relative to the turnaround site). The RB to V should be greater than or equal to the R–B to V during sinus rhythm. During bundle branch reentry with an RBBB pattern the RB potential will occur before the His potential which will in turn precede the LB potential; (d) changes in H–H interval during the tachycardia precede changes in the V–V interval; (e) an atrial premature depolarization that blocks below the His bundle deflection should stop bundle branch reentry; (f) bundle branch reentrant VT can be prevented by simultaneous right and left ventricular stimulation; and (g) ablation of the right or left bundle branch could



cure the arrhythmia. A typical example of bundle branch reentrant tachycardia with an LBBB pattern is shown in Figure 11-74. In this case—a patient with myotonic dystrophy—incomplete left bundle branch block is present during sinus rhythm with a markedly prolonged H–V interval of 112 msec and an H–RB of 56 msec. During the tachycardia, the classic sequence of V–H–RB is noted, with the H–V slightly greater than that observed during sinus rhythm. However, as stated above the H–V and H–RB may be less than sinus rhythm if the His bundle deflection is recorded very proximally. The H–V during the tachycardia would then represent the difference between retrograde conduction to the His bundle and antegrade conduction to the right bundle. I have not seen an H–V in VT more than 15 msec shorter than sinus in either isolated bundle branch reentry or sustained bundle branch reentry. A much shorter H–V during tachycardia than sinus rhythm is the rule in interfascicular reentry (see below).



FIG. 11-74. Ventricular tachycardia that is due to bundle branch reentry with antegrade conduction over the right bundle branch . Five surface ECG leads are shown with electrograms from the HRA, HBE, mid-RV septum, and RVA. During sinus rhythm on the left, incomplete left bundle branch block with left axis deviation is present. The H–V interval is 112 msec and the H–RB potential at the midseptum is 56 msec. A distal RB potential is observed in the RVA electrogram. During VT, the HV is slightly prolonged to 122 msec and the His precedes the RB by 68 msec. The RB also precedes the distal RB recording in the RVA, as in sinus rhythm. Note the presence of 1:1 retrograde conduction. The VT has a left bundle branch block left axis deviation configuration. See text for discussion.



Unfortunately, right and/or left bundle branch potentials are not always recorded so that the typical activation sequences (LB–H–RB–V or RB–H–LB–V) are not available for analysis. As noted earlier in the chapter, even if either sequence is present, the His-Purkinje system (usually, the left bundle branch) could be activated passively in the retrograde fashion to produce a His-RB–V sequence during a tachycardia with an LBBB pattern without reentry requiring the bundle branches. This was pointed out earlier in the chapter, in Figure 11-12, in which a wide-complex tachycardia with left bundle and left axis deviation was induced by ventricular stimulation and V–H prolongation, with an H–V interval during the tachycardia greater than that during sinus rhythm. This tachycardia, although meeting initiation criteria and H–V interval criteria, was not due to bundle branch reentry because left ventricular mapping demonstrated earliest activity at the apex of the left ventricle. For documentation of bundle branch reentry using the right bundle branch antegradely and the left bundle branch retrogradely, right ventricular excitation must precede the left ventricular excitation. If left ventricular mapping cannot be done, other critical and essential elements for the diagnosis of bundle branch reentry must be tested. The most important of these is the demonstration that changes in the H–H and RB–RB and/or LB–LB interval during the tachycardia precede changes in the V–V interval. These changes can be initiated by ventricular stimulation during the tachycardia or may occur spontaneously following initiation. This observation, shown in Figure 11-75, is essential in proving that a macroreentrant circuit using the proximal His-Purkinje system is operative. Casceres et al. ( 17) have shown this elegantly by linear regression analysis ( Fig. 11-76). As stated earlier, the vast majority of bundle branch reentrant tachycardias have had left bundle branch block morphology and have used the left bundle conducting system retrogradely and the right bundle branch system antegradely. Although the reverse situation—a right bundle branch block reentrant tachycardia (using left bundle system antegradely and right bundle branch system retrogradely)— has been reported, the same criteria used for typical bundle branch reentry are more difficult to document without obtaining an LB recording. Although the RB-H–V sequence may be noted, this may be a passive phenomenon. Tachycardia oscillations with V–V intervals dependent on prior RB–H intervals should be looked for, but are difficult to see because the RB is usually activated during the QRS. Thus, an LB potential is mandatory to confirm the diagnosis. It is of interest that of the cases reported to be bundle branch reentry with a right bundle branch block pattern, an incomplete right bundle branch block with a long H–V was seen during sinus rhythm. This was the case in the only right bundle branch reentrant VT I have seen (Fig. 11-77 and Fig. 11-78).



FIG. 11-75. Relationship of VT CL to changes in His-Purkinje activation. Three surface ECG leads and electrograms from the right atrium (RA), the right bundle (RB), and the RV are shown. A short-long-short sequence (350, 700, 220) initiates VT. RB potentials can be seen before each QRS. Note that the change in RB–RB intervals precedes an identical change in V–V intervals. This suggests a causal relationship of the RV potential to the subsequent QRS. See text for discussion. (From: Casceres J, Jazayeri M, McKinnie J, et al. Sustained bundle branch reentry as a mechanism of clinical tachycardia. Circ 1989;79:256.)



FIG. 11-76. Linear regression analysis of H–H and V–V intervals. A. The H3H 4–H4H5 intervals are plotted against the subsequent V–V intervals (V 4V5–V 5-V6) and a linear result is observed. B. The same finding is shown if H 4H5–H5H6 is plotted against V 5V6–V6V7. This suggests a causal relationship of the H to the subsequent V. C and D. Analysis of the preceding V–V intervals to the subsequent H–H intervals (i.e., to assess whether the V–V was causally related to the H–H interval) shows no relationship. This analysis confirms a causal role of the His-Purkinje system in the development of this tachycardia. See text for discussion. (From: Casceres J, Jazayeri M, McKinnie J, et al. Sustained bundle branch reentry as a mechanism of clinical tachycardia. Circ 1989;79:256.)



FIG. 11-77. Bundle brach reentry with antegrade conduction over the left bundle branch . Surface ECG leads 1, 2, 3, and V 1 are shown with electrograms from the HRA, HBE, left bundle branch (LBE), RVOT, and RVA. On the left is a sinus beat. The HV is 80 msec and LB-V is 30 msec. Incomplete RBBB is present. On the right bundle branch reentry with a complete RBBB pattern is shown. Note that the HV and LB-V are identical to that seen in sinus rhythm. See text for discussion.



FIG. 11-78. Proof of bundle branch reentry. This is the same patient as in FIG. 11-77. During the tachycardia a VPC is delivered from the RVA. This VPC advances the subsequent H, LB, and V without altering their relationship confirming role of the His-Purkinje system in the tachycardia. See text for discussion.



Why is bundle branch reentrant VT as rare as an isolated form of VT if single bundle branch reentrant complexes can be seen in 50% of normal patients (16,163,167)? The reason lies in the underlying substrate conduction delay in the left or right bundle branch system. True complete bundle branch block of either type would make bundle branch reentry impossible. Therefore, conduction delay, manifested by H–V prolongation, but not true block must be present in both the left and right bundle systems for typical bundle branch reentry to occur. Although the mode of induction of bundle branch reentry usually is by single extrastimuli, Casceres et al. (17) have reported that sudden short-to-long change in cycle length before the introduction of extrastimuli facilitates induction of bundle branch reentry. This is related to the previously demonstrated effect of altered cycle length on His-Purkinje refractoriness ( 168). Bundle branch reentry not infrequently is observed at the initiation of VT but is not necessary either to initiate or maintain the tachycardia ( Fig. 11-79). This can be proven by the demonstration that the tachycardia can be initiated with or without bundle branch reentry ( Fig. 11-79) and the failure to demonstrate His deflections with a normal or greater than normal H–V interval or a dependence of VT cycle length on prior H–H intervals.



FIG. 11-79. Initiation of VT in the presence or absence of bundle branch reentry or retrograde His-Purkinje system delay . A and B. ECG leads 2 and V 1 and electrograms from the HRA, CS, HBE, RVA, and LV apex are shown along with T. A. At a coupling interval (S lS2) of 290 msec, VT is initiated in the absence of retrograde His-Purkinje delay (no V–H prolongation) or bundle branch reentry. B. At a closer coupling interval of 265 msec, VT occurs following the development of retrograde His-Purkinje delay and bundle branch reentry ( broad arrow). His potentials are variably noted during the tachycardia. A. Once tachycardia is initiated, retrograde His potentials with a short V–H interval are observed following every other QRS complex. B. The retrograde His potential bears a variable relationship to the onset of the QRS (From: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: Evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



Because His bundle deflections may be observed in approximately 80% of VTs ( 14), does this imply that the fascicles are involved? I believe that in patients who have diseased hearts incorporation of a fascicle in the tachycardia circuit is not necessary to explain the presence of a His deflection before or just following the onset of the QRS. The lack of requirement for the more proximal HisPurkinje system has been demonstrated by intermittent His deflections ( Fig. 11-80). These are typically in a 2:1 fashion but may also be seen in a 3:2 pattern or, less commonly, in a Wenckebach periodicity ( Fig. 11-81). In patients with chronic coronary disease, the relative timing of the retrograde His deflection in the QRS depends on how quickly the His-Purkinje system is engaged and how slowly the impulse reaches the ventricular myocardium to begin to produce the QRS. Thus, retrograde His potentials can actually precede the QRS or follow it. The retrograde His deflection appears to reflect passive activation of the His-Purkinje system and not involvement of the His-Purkinje system in the reentrant circuit. The bases for this conclusion are threefold: (a) His-Purkinje deflections may appear intermittently, as noted. (b) The changing V–H interval can occur without a change in cycle length ( Fig. 11-82). If the His-Purkinje system were involved, a change in V–H interval should be mirrored by a change in tachycardia cycle length. (c) Marked changes in tachycardia cycle length can be present with no change in V–H interval (Fig. 11-83). These data suggest two things. First, the His-Purkinje system is passively activated in VT associated with coronary artery disease and is not related to the reentrant circuit per se. Second, engagement of the His-Purkinje system allows for more rapid activation of the myocardium, which in turn results in a narrower QRS. Our data analyzing the relationship between the V–H interval and QRS duration in VTs of similar morphology in the same patient demonstrate a direct relationship between the V–H interval and the QRS ( Fig. 11-84) (14). Thus, the His-Purkinje system is important for global ventricular activation, but at least the more proximal areas do not seem to participate in the tachycardia mechanism. Whether the same is true in patients with normal ventricles and sustained VT has not been evaluated.



FIG. 11-80. Relationship of His bundle activation during VT. Both panels. A left bundle branch block tachycardia is present at a cycle length of 290 msec. Left panel. A retrograde His deflection with a short V–H interval is noted with every QRS complex. Right panel. 2:1 block in the His-Purkinje system is observed; i.e., a His deflection is seen, associated with every other QRS.



FIG. 11-81. Retrograde Wenckebach periodicity in the His-Purkinje system during VT. During sinus rhythm (NSR), an incomplete left bundle branch block pattern is seen. The H–V interval is prolonged at 68 msec. During induced VT (VT-l), retrograde His-Purkinje Wenckebach is seen. The V–H interval in the first three QRS complexes demonstrates prolongation, then block, thereby demonstrating 3:2 Wenckebach in the His-Purkinje system. The beat following the block in the His-Purkinje system (vertical dotted line) restarts the sequence.



FIG. 11-82. Lack of relationship between V–H interval and VT cycle length. A and B. VT with right bundle branch block and right superior axis is shown. A. The V-T1 is relatively narrow (QRS = 128 msec). B. The QRS morphology is identical, but the QRS is wider, at 153 msec. In the panel on the left ( A, the narrow QRS VT), the V–H interval is 20 msec, and the tachycardia cycle length is 358 msec. In the panel on the right ( B, the wide QRS), the V–H interval is 140 msec, and the tachycardia cycle length is slightly shorter, at 342 msec. The prolongation in V–H conduction is therefore unrelated to the tachycardia cycle length. This confirms a lack of participation of the His-Purkinje system in the tachycardia mechanism. See text for discussion.



FIG. 11-83. Change in cycle length of VT without a change in retrograde His-Purkinje activation. VT is present with a right bundle right superior axis morphology. Left. The tachycardia CL is 380 msec and is associated with a QRS of 180 msec and a V–H interval of 73 msec. Middle. Tachycardia cycle length suddenly prolongs to 480 msec without any change in the QRS duration or V–H interval. The failure of tachycardia cycle length changes to be associated with changes in V–H interval suggests lack of involvement of the His-Purkinje system in the tachycardia mechanism. See text for discussion.



FIG. 11-84. Relationship between V–H interval and QRS duration during VT. A V–H interval of five tachycardias in the same individual is plotted against the QRS duration of each of the tachycardias. Note the remarkable linear relationship between QRS duration and V–H interval. This suggests the potential role of the His-Purkinje system in overall ventricular activation. See text for discussion.



Ventricular tachycardia due to interfascicular reentry, in contrast to bundle branch reentry, is most commonly seen in patients with coronary artery disease, specifically those with an anterior infarction and either left anterior or posterior hemiblock. A schema is shown in Figure 11-85. In these patients right bundle branch block is complete and bidirectional, so true bundle branch reentry cannot take place. In such cases there is slow conduction in the “apparently blocked” fascicle. Initiation of interfascicular reentry occurs when an APD, increase in heart rate, or a VPD produces transient block in the slowly conducting fascicle. The impulse conducts over the “healthy” fascicle, giving rise to a QRS identical to that in sinus rhythm, and then reenters the blocked fascicle to induce reentrant VT. In this instance the H–V interval will always be >40 msec shorter than the H–V in sinus rhythm, and the LB potential will precede the His potential ( Fig. 11-86). When interfascicular reentry occurs in the setting of an anterior infarction, “cure” by ablation is not possible because other myocardial VTs are, in my experience, always present and the ejection fractions are usually below 30%, thereby mandating a defibrillator to improve survival. This is not the case in the occasional patient with interfascicular reentry in the setting of degenerative conducting system disease with preserved ventricular function. In such a patient cure of the VT is possible by ablation of the diseased fascicle, although a pacemaker would likely be required.



FIG. 11-85. Schema of interfascicular reentry. A schema of sinus rhythm in a patient with RBBB and left posterior hemiblock is shown on top. Macroreentrant bundle branch reentry with antegrade conduction down the anterior fascicle and retrograde conduction up the right bundle is shown on the lower left. Interfascicular reentrant VT is shown on the lower right. Antegrade conduction is over the anterior fascicle and retrograde conduction up the posterior fascicle. The His bundle is activated retrogradely during antegrade conduction over the posterior fascicle giving rise to a shorter “H–V” than during sinus. See text for discussion.



FIG. 11-86. Intracardiac recordings during interfascicular reentrant VT. Both panels have ECG leads I, II, III, and recordings from the left bundle branch (LB), HBE, and RA. Panel A. Sinus rhythm is present with an H–V interval of 120 msec and an LB-V of 90 msec. During interfascicular tatchycadia ( Panel B), retrograde activation of the LB precedes the HBE leading to an apparent “H–V” of 60 msec. See text for discussion.



Initiation of Polymorphic Ventricular Tachycardia-Ventricular Fibrillation As noted earlier, patients presenting with cardiac arrest may have sustained uniform VT or polymorphic VT leading to VF (see Fig. 11-36 and Fig. 11-37) (5,20,21,38,169,170,171,172,173,174,175,176,177 and 178). In addition, patients may have nonsustained polymorphic VT, which may be symptomatic or may result in syncope. Polymorphic VT, with or without degeneration to VF, may be divided into those with normal QT intervals and those associated with long QT intervals. The most common cause of polymorphic VT and normal QT intervals is ischemic heart disease followed by other forms of structural heart disease. Another group of patients in whom there is much interest are those with apparently normal hearts. This latter group includes those with congenital long QT syndromes and those with normal QT intervals, including the syndromes of idiopathic ventricular fibrillation ( 175,176,177 and 178) and the Brugada syndrome (89,90,179,180 and 181). The Brugada syndrome is genetically determined and is characterized by labile ST elevation and T-wave inversion in the right precordial leads ( Fig. 87) (89,90,182). It appears due to early inactivation of the Na channel leading to early epicardial repolarization, which produces the characteristic ST elevation ( 89,90). Sodium channel-blocking drugs accentuate this finding, as does vagal stimulation, while exercise decreases it. The current thinking of the pathophysiology of this syndrome has been recently reviewed (89,90). The relationship of the Brugada syndrome to idiopathic VF and forme frustes of some long QT syndromes is actively being investigated. Both the Brugada and idiopathic VF syndromes have very short coupled VPCs initiating polymorphic VT. In one study the mean coupling interval of initiating VPCs in the idiopathic VF syndrome was 302 ± 52 msec (l76). The prematurity index of the initiating VPCs was 0.4, with the VPCs occurring within 40 msec of the peak of the T wave. In neither of these two syndromes is the initiating event pause-dependent.



FIG. 11-87. ECG in Brugada syndrome. Characteristic precordial S–T segment changes in Brugada syndrome. ECGs from two patients in a family with Brugada syndrome are shown (A, B).



Division of patients with polymorphic VT into those with normal and long QT intervals is important from both mechanistic and therapeutic standpoints. Patients with polymorphic VT–VF and long QT intervals may be subdivided into those with congenital long QT syndrome ( 85,88,89,183,184,185 and 186) and those with acquired long QT syndrome (3,4,88,187,188,189,190 and 191). The congenital and acquired forms of the long QT syndrome are quite distinct. The acquired form is usually bradycardic dependent with short-long-short sequences ( 3,4,88,99,187,188,189,190 and 191) initiating their arrhythmia. The acquired form has a whole host of causes including exposure to certain drugs ( Table 11-12) (i.e., antiarrhythmic agents, antihistamines, antifungal drugs, phenothiazines, tricyclic antidepressants, and organophasphates); electrolyte abnormalities (i.e., hypokalemia and hypomagnesemia); altered nutritional states (particularly those associated with a liquid protein diet); and bradyarrhthmias, either sinus bradycardia or A–V block ( 3,4,88,187,188,189,190 and 191). Catecholamine agonists tend to improve this disorder, as do



other methods that increase rate and shorten refractoriness, such as pacing ( 88,191). In the absence of acceleration of rate (e.g., in the setting of complete heart block), catecholamines may actually worsen the arrhythmia. This acquired form was initially described by Dessertenne as torsade de pointes ( 3).



TABLE 11-12. Relationship of Mode of Termination of VT with VT Cycle Length (139 Patients)



There are several genetically determined long QT syndomes based on specific ion channel defects, three of which have been well characterized ( 186). It is important to realize that (a) there may be many different point mutations on the same gene and (b) phenotypic expressions of the same genotype can differ. Thus QT prolongation and/or arrhythmias may be absent or present in patients with the same genotype. This suggests that an interaction with environmental factors is necessary in addition to genotype in order to manifest the phenotype and clinical syndrome and/or our belief that identifying a genetic marker explains the entire syndrome is naïve. Early observations suggested that the congenital long QT syndrome was remarkably adrenergic dependent, with emotional or physical stress being the most important triggers (88,89,183,186,192,193). As such, many investigators described the congenital long QT syndrome as “adrenergic dependent” and the acquired form as “bradycardic or pause dependent” ( 88). This has been shown to be too simplistic. At least three well-characterized genetic abnormalities have been described, each of which appears to have a different phenotypic expression and clinical pattern ( 89,194). The first long QT sydrome (LQTS1) described a defect on chromosome 11 in the gene (KVLQT1) controlling the slowly inactivating potassium channel (IKs). This syndome appears to be variably influenced by catecholamines. LQTS2 was found to be associated with a defect in a gene (HERG) on chromosome 7, which controls the rapidly inactivating potassium channel (Ikr). The syndrome associated with this defect appears to be adrenergically dependent. LQTS3 is associated with a defect in the gene controlling the sodium channel (SCN5A) located on chromosome 5. People with this syndrome have arrhythmias during slow heart rates and experience sudden death during sleep. This suggests an overlap between acquired and congenital long QT syndromes. Moreover, it suggests, but does not prove, that different therapies may be required to treat specific syndromes. As noted earlier in the chapter, patients with congenital long QT syndromes have marked abnormalities of repolarization, with prolonged dispersion of refractoriness and total recovery time of the whole left ventricle and/or adjacent sites ( 84). Their ventricular activation is normal. Patients with acquired long QT intervals have not been studied during their episodes, because they are symptomatic and efforts to treat the arrhythmia are made before investigation. Thus, no data are available concerning dispersion of refractoriness. Initiation of Polymorpbic Ventricular Tachycardia- Ventricular Fibrillation with Normal QT Intervals In patients with normal QT intervals and coronary disease, who have polymorphic tachycardia and/or fibrillation, a similar tachycardia can be induced perhaps 75% to 85% of the time by programmed stimulation using the standard protocol described previously ( Fig. 11-36 and Fig. 11-37) (5,20,21,38,130,169,170,171,172,173 and 174). The induction of nonsustained polymorphic tachycardia and polymorphic VT–VF by two extrastimuli are shown in Figure 11-88 and Figure 11-89. One must remember that polymorphic VT–VF may be a nonspecific response to aggressive stimulation ( 38,100,101 and 102,119,122), such that occasionally (»28%) patients with normal hearts and normal QT intervals will have a polymorphic VT induced with triple extrastimuli delivered at twice diastolic threshold ( 195). This should not be taken as having significance with respect to their clinical disorder. Most nonspecific responses are associated with very short coupling intervals (£180 msec) and are far more frequent with triple extrastimuli than with double extrastimuli ( 38,100,101 and 102,104,105). In my experience, in survivors of cardiac arrest with prior myocardial infarction, reproducible induction of polymorphic VT by two or three extrastimuli is associated with coupling intervals that are usually >180 msec. This is no different from those coupling intervals inducing sustained uniform VT in these patients. However, the coupling intervals that initiate polymorphic VT–VF should not, per se, be used to establish the clinical significance of the induced rhythm. The reproducible initiation of polymorphic VT with the same “template” of changing QRSs, despite changes in pacing site and/or cycle length, suggests some structural basis (functional or anatomic) for the induced rhythm. In such instances, I believe the induced rhythm is meaningful.



FIG. 11-88. Initiation of nonsustained polymorphic VT by double extrastimuli. A. A rhythm strip of a monitor lead V 2 is shown. Spontaneous nonsustained polymorphic tachycardia is observed. B. Double ventricular extrastimuli at coupling intervals of 250 and 210 msec, respectively, delivered at a drive CL of 550 msec from the RVA initiate a polymorphic tachycardia, whose termination appears similar to that of the spontaneous episode.



FIG. 11-89. Initiation of ventricular fibrillation by two ventricular extrastimuli during ventricular pacing. The recordings are organized from top to bottom as ECG leads 1, 2, and V 1 and intracardiac electrograms from the HRA, CS, HBE, and RVA (and T). During a basic ventricular drive of 600 msec (S 1, arrows) two VES delivered from the RVA at progressively premature complex intervals initiate VF. The onset of VF is associated with progressive acceleration and fragmentation of the intracardiac ventricular electrograms, which occurs initially in the HBE, which is distant from the site of stimulation. Fractionation occurs last in the RVA, which was the site of stimulation. (From: Josephson ME, Spielman SR, Greenspan AM, Horowitz LN. Mechanism of ventricular fibrillation in man. Observations based on electrode catheter



recordings. Am J Cardiol 1979;44:623.)



Rarely, polymorphic VT or VT–VF is induced with single or double ventricular extrastimuli during sinus rhythm ( Fig. 11-90). In our experience, this is extremely rare in the absence of a clinical history of syncope and/or cardiac arrest. Induction of polymorphic VT–VF may be site dependent ( Fig. 11-91). Refractory periods at the right ventricular apex and outflow tract do not distinguish the sites from which they may be induced ( 38). In some patients, left ventricular stimulation may be necessary to induce polymorphic VT–VF (Fig. 11-92).



FIG. 11-90. Initiation of polymorphic VT/VF by two ventricular extrastimuli during sinus rhythm. The panel is organized from top to bottom as electrocardiographic leads 2 and V1, electrograms from the HRA, CS, AVJ at the HBE, RVA, and the superior mid-LV septum (and T). A. After the first sinus complex, two ventricular extrastimuli (S, arrow) delivered from the superior septal LV at coupling intervals of 280 and 240 msec, respectively, initiate polymorphic VT/VF. The onset of polymorphic VT/VF is associated with accelerating discrete ventricular electrograms in the CS and RVA, while the His bundle and LV demonstrate “local fibrillation.” A and B. The electric activity in the LV appears lower in amplitude and irregularly undulating. During polymorphic VT/VF, the ventricular electrograms from the RVA and CS remain regular and discrete. (From: Josephson ME, Spielman SR, Greenspan AM, Horowitz LN. Mechanism of ventricular fibrillation in man. Observations based on electrode catheter recordings. Am J Cardiol 1979;44:623.)



FIG. 11-91. Site dependency of initiation of ventricular fibrillation. A. Double extrastimuli from the RVA fail to initiate VF. B. Double ventricular extrastimuli delivered at similar coupling intervals from the RVOT initiate sustained polymorphic VT-VF.



FIG. 11-92. Initiation of polymorphic VT by left ventricular stimulation. A. Double VES delivered from the LV initiate polymorphic VT, which resembles VF. Note the chaotic activity in all three ventricular recording sites. B. The chaotic irregular activity continues in the HBE and RV, but intermittent organization of the electrogram is noted in the LV. C. Spontaneous termination occurs as electrical activity at all three ventricular sites becomes organized. See text for discussion.



Why some patients have self-terminating polymorphic VT and some go on to VF is not well understood. In those who develop VF, an accelerated phase of VT occurs. Progressive conduction delay in local electrograms is observed until total fractionation and irregular activity is noted in all electrograms throughout the heart ( Fig. 11-93) (196). Ventricular fibrillation can arise by spontaneous degeneration from VT ( Fig. 11-94) or stimulation during VT (Fig. 11-95). Saumarez et al. (62) suggest that fractionation of electrograms occurs at longer coupling intervals in patients with a history of idiopathic VF and should be evaluated as a risk stratifier. Regardless of the initiating mechanism, VF usually begins with an accelerating VT with either breakdown and fragmentation of a local electrogram in one lead, which gradually spreads to the remainder of the heart, or the simultaneous appearance of chaotic activity in multiple areas. Whether or not the polymorphic VT will develop into VF is determined by whether or not such abnormal and chaotic activity persists in all regions of the heart. Spontaneous reversion of polymorphic VT to sinus rhythm occurs when localized chaotic activity is confined to small areas of the heart and gradually become regular ( Fig. 11-96; see also Fig. 11-91) (196). Sometimes what appears to be polymorphic VT–VF is not associated with chaotic activity in the right ventricle but is associated with discordant (asynchronous) discrete electrograms at multiple ventricular sites ( Fig. 11-97). The mechanism of a surface QRS appearance of polymorphic VT or VF is discussed later. Termination, however, of polymorphic VT is always associated with regularization and synchronization of electrograms. Sometimes polymorphic VT can go through periods of uniform VT ( Fig. 11-98). In such instances, all the electrograms are regular and remain synchronized throughout the uniform morphology. Thus, polymorphic VT persists if either all the areas recorded have regular activity but are asynchronously activated or if several, but not all, sites in the ventricles exhibit chaotic fibrillatory activity, but the remainder of ventricles exhibit regular electrograms.



FIG. 11-93. Initiation of polymorphic VT with progressive conduction delay in local electrograms. This figure is the same as Fig. 11-92A. Two extrastimuli from the LVA initiate polymorphic VT–VF. The earliest disorganization of electrical activity, however, occurs in the RVA. A blow-up of the electrogram in the RVA is shown. Note the RVA electrogram, which initially has a single component in V 2and V3, becomes progressively split into two components ( solid arrow and open arrow) until activity becomes fibrillatory (From: Spielman SR, Farshidi A, Horowitz LN, Josephson ME. Ventricular fibrillation during programmed ventricular stimulation: Incidence and clinical implications. Am J Cardiol 1978;142:913.)



FIG. 11-94. Spontaneous degeneration of VT to ventricular fibrillation. The panel is arranged from top to bottom as ECG leads 1, aVF, and V 1 and electrograms from the RVA, CS, border of an apical left ventricular aneurysm (LV-bord), and from within the aneurysm (LV-An) (and T). Before the development of VF ( right) there is sudden acceleration of VT with the development of pleomorphic forms. The intracardiac electrograms also demonstrate acceleration with the noncontiguous development of fractionation of each electrogram ( arrows). The fractionation was initially transient in the LV-An but then became persistent. (From: Josephson ME, Spielman SR, Greenspan AM, Horowitz LN. Mechanism of ventricular fibrillation in man. Observations based on electrode catheter recordings. Am J Cardiol 1979;44:623.)



FIG. 11-95. Initiation of ventricular fibrillation by double ventricular extrastimuli during VT. From top to bottom are ECG leads 2 and V1 and electrograms from the HRA, HBE, RV, and LV (and T; 10 and 100 msec). Initially, VT is present at a CL of 270 msec. Double ventricular extrastimuli delivered from the midright ventricular septum (not shown), at coupling intervals of 190 and 240 msec, initiate VF. Disorganized activity is confined to the left ventricular electrogram. (From: Spielman SR, Farshidi A, Horowitz LN, Josephson ME. Ventricular fibrillation during programmed ventricular stimulation: Incidence and clinical implications. Am J Cardiol 1978;142:913.)



FIG. 11-96. Spontaneous conversion of polymorphic VT to sinus rhythm. In this patient with a prior inferior wall infarction, polymorphic VT is present on the left. Note that spontaneous termination of the tachycardia occurs when the grossly chaotic ventricular activity in the HBE becomes suddenly organized with the remainder of the ventricular electrograms.



FIG. 11-97. Polymorphic VT in the absence of chaotic electrical signals in the right ventricle. Polymorphic VT is initiated with double ventricular extrastimuli delivered at the RVOT. Note that the electrograms in both RVA and RVOT remain discrete, yet the tachycardia is polymorphic. Polymorphism results because of the changing



relationship of RVOT and RVA electrograms. The tachycardia terminates (bottom panel) after the last four complexes become uniform. See text for discussion.



FIG. 11-98. Spontaneous transition of polymorphic VT into VT with a uniform QRS morphology. A–C. Three continuous panels show ECG leads 1, aVF, and V 1; with electrograms recorded in the HRA, CS, HBE, and RVA; and with 100-msec T. A. During ventricular pacing, two premature stimuli were introduced ( arrows), and a typical paroxysm of polymorphic VT was initiated. B. The paroxysm was sustained. C. The paroxysm stabilized into a VT with a uniform morphology. (From: Horowitz LN, Greenspan AM, Spielman SR, Josephson ME. Torsades de pointes: Electrophysiologic studies in patients without transient pharmacologic or metabolic abnormalities. Circ 1981;63:1120.)



Usually, polymorphic VT, which spontaneously converts, has higher amplitude QRS complexes than when true VF is present. As mentioned, VF, which generally does not spontaneously revert (although we have seen this happen) is associated with chaotic fractionation of electrical activity in both ventricles ( Fig. 11-99). On rare occasions, however, a surface ECG looking very much like end-stage VF, that is, low-amplitude fibrillatory waves, can exist with chaotic endocardial activity localized to one area of the heart, with other areas having relatively normal electrical activity ( Fig. 11-100). This is extremely unusual.



FIG. 11-99. Relation of intracardiac electrograms to QRS configuration during ventricular fibrillation. During VF, all ventricular electrograms show chaotic activity. Note low amplitude of QRS complexes. (From: Josephson ME, Spielman SR, Greenspan AM, Horowitz LN. Mechanism of ventricular fibrillation in man. Observations based on electrode catheter recordings. Am J Cardiol 1979;44:623.)



FIG. 11-100. Atypical ventricular fibrillation. The surface ECG of V1 looks like classic VF; however, the bulk of the heart demonstrates regular discrete ventricular activity. Fragmented, asynchronous activity is only seen in an area of large infarction in the LV.



As mentioned, we believe that polymorphic VT and/or VF in the setting of chronic infarction that is reproducibly initiated can have the same basic mechanism as sustained VT. This is particularly true if an identical “polymorphic template” is induced despite different sites of stimulation, a finding I believe is a manifestation of an “organized” rhythm. This hypothesis is further supported by indirect data primarily related to response to drugs and the presence of underlying conduction disturbances. We have observed that many polymorphic VTs, and occasionally VF, can be changed to a typical uniform sustained VT by Type I agents (e.g., procainamide), which have identical characteristics as those VT induced in patients presenting with uniform VT ( Fig. 11-101, Fig. 11-102 and Fig. 11-103) (130,131). Usually, these are patients who have presented with syncope or cardiac arrest on antiarrhythmic agents. We mapped several of these VTs intraoperatively and cured the patients by local endocardial resection (see Chap. 14). This response to these agents is opposite to that in drug-induced polymorphic VT long QT syndromes in which polymorphic tachycardia is produced by the drug. This suggests a different mechanism of initiation of polymorphic VT in patients with normal and acquired long QT intervals. More importantly, we have not seen Type I agents convert polymorphic VT to sustained monomorphic VT in patients with normal hearts and no history of arrhythmias and it is uncommon in patients with idiopathic dilated cardiomyopathy ( 131). This response is most common in patients with coronary disease and prior infarction. I believe that this response, in addition to reproducible initiation of template of polymorphic VT from different sites of stimulation, may be useful methods of distinguishing a nonspecific polymorphic VT from one that may have clinical import.



FIG. 11-101. Transformation of polymorphic VT into uniform VT by quinidine. In the control state, polymorphic VT is initiated with double VES in a patient with an inferior wall infarction. Following administration of quinidine producing a plasma level of 2.8 mg/L, double extrastimuli initiate VT, which becomes uniform following a transient period of polymorphism. The uniform morphology has a left bundle branch block, left axis morphology.



FIG. 11-102. Conversion of polymorphic VT to typical sustained uniform VT by procainamide. In the control state, a single right ventricular extrastimulus initiates a nonsustained polymorphic VT. No other ventricular arrhythmia could be initiated by single or double extrastimuli in the control state. After 1500 mg of procainamide, a sustained uniform VT was initiated with double extrastimuli. The tachycardia was reproducibly initiated as well as reproducibly terminated, as shown in the bottom panel. (From: Horowitz LN, Greenspan AM, Spielman SR, Josephson ME. Torsades de pointes: Electrophysiologic studies in patients without transient pharmacologic or metabolic abnormalities. Circ 1981;63:1120.)



FIG. 11-103. Change from induction of VF to induction of sustained uniform VT by procainamide. In the control state, double ventricular extrastimuli during sinus rhythm initiate VF. Following 1200 mg of procainamide producing a plasma level of 13.9 mg/L, a single extrastimulus delivered during right ventricular pacing initiates a uniform sustained VT. See text for discussion.



Again, I must stress that polymorphic VT and/or VF can be induced in normal patients as well as in patients with cardiac disease but without prior history of syncope or cardiac arrest (38,100,101 and 102,121,122). These nonspecific responses are morphologically identical to those seen in patients who present with cardiac arrest. Thus, it is difficult to be absolutely certain of the clinical significance of induced polymorphic VT. However, in the presence of a prior myocardial infarction, positive signal-averaged ECG, or endocardial mapping demonstrating marked abnormalities of conduction, especially with a history of syncope, cardiac arrest, or documented polymorphic VT, these arrhythmias—especially if reproducibly initiated with relatively long coupled extrastimuli—may have clinical significance. In the absence of these findings, in my opinion, the comparably induced arrhythmias should be considered nonspecific responses and not treated. In summary, at least for coronary artery disease, reproducible initiation of polymorphic VT–VF that can be converted to uniform VT by antiarrhythmic agents which slow conduction, that demonstrates site specificity for initiation and/or has a “polymorphic template” regardless of the site of stimulation, and that is associated with abnormalities of conduction during sinus rhythm suggests that reentry is the most compatible mechanism of these arrhythmias. Neither rapid pacing nor isoproterenol facilitate induction of polymorphic VT associated with normal QT intervals. The rarity with which these arrhythmias can be induced with single extrastimuli does not allow assessment of the relationship of coupling interval to onset of the tachycardia or early tachycardia cycle length. The drive cycle length, however, does not influence the early cycles of the tachycardia. The absence of bradycardic-dependence or the requirement of short-long-short sequences and failure to have a tachycardia induced by rapid pacing or facilitated by catecholamines militates against triggered activity that is due to early or late afterdepolarizations of the underlying mechanism. Initiation of Polymorphic Ventricular Tachycardia-Ventricular Fibrillation in the Presence of Long QT Intervals Polymorphic VT–VF associated with acquired or congenital long QT syndromes cannot be reproducibly initiated ( 88,195,196 and 197). Although in 25% to 50% of such patients polymorphic VTs may be initiated with rigorous stimulation protocols, this is not significantly different from the response to comparable stimulation in patients with no history of ventricular tachyarrhythmias. These VT may be sustained or nonsustained and most likely represent nonspecific responses unrelated to the clinical arrhythmia. Therefore, the goal of programmed stimulation should not be to induce these arrhythmias. The infusion of isoproterenol in patients with hereditary long QT syndrome may initiate a polymorphic tachycardia ( 88,183,193). It may also induce polymorphic VT in patients with normal QT intervals who have a clinical history of adrenergically mediated polymorphic VT. Whether or not such patients represent a genotypic congenital long QT syndrome but are phentypically normal requires further study. It will be necessary to develop different types of stimulation protocols if one is to use programmed stimulation to initiate clinically relevant polymorphic VT in congenital or acquired bradycardic-dependent long QT syndromes. Cranefield and Aronson (99) suggested that the short-long-short sequence that characterizes torsade de pointes (i.e., bradycardic-dependent arrhythmias) would not be induced with typical stimulation protocols. Denker et al. ( 168) however, employed short-long-short sequence protocols to facilitate initiation of typical sustained uniform VT. Its use in studying arrhythmias in the bradycardic-dependent long QT syndromes has not been reported. In my experience, this stimulation protocol has not been able to initiate VT other than those that we would consider nonspecific responses in this patient population. Perhaps a stimulation protocol could be developed that mimics bigeminal sequences during which ventricular extrastimuli can be delivered to initiate the bradycardic-dependent polymorphic VT associated with long QT syndromes. We have tried such a stimulation protocol in a few patients and have not been successful in initiating any type of tachycardia with any more frequency than those in patients with normal QT intervals and no arrhythmias. These are very preliminary data, however; further work is necessary to devise a protocol that may induce arrhythmias in these patients. Failure to initiate specific polymorphic VTs in patients with long QT interval syndromes is consistent with an automatic mechanism or an initiating mechanism that is due to triggered activity secondary to early afterdepolarizations. This theory has been proposed for the bradycardic-dependent long QT interval syndromes (classic torsade de pointes) (88,99). The experimental data concerning early afterdepolarizations are certainly consistent with this mechanism ( 88,98,99,197,198 and 199). Most of the experimental studies have used cesium chloride to initiate early afterdepolarizations and triggered activity. Vos et al. ( 200) have deveoped a model of “inducible” torsades de pointes by creating heart block and administering sotalol. Beta-adrenergic stimulation and left stellate stimulation may also facilitate early afterdepolarizations and arrhythmias ( 88,201,202). Monophasic action potential recordings in experimental studies and in humans ( 88,199,203,204) purport to show afterdepolarizations in cesium-induced torsade de pointes or in patients with long QT syndromes. We have used monophasic action potentials in an attempt to assess



the specificity of such findings. Unfortunately, we have seen potentials that would be classically defined as early afterdepolarizations in virtually all normal subjects (Fig. 11-104) that look quite similar to those reported by Levine et al. ( 199) in cesium-induced polymorphic VT (Fig. 11-105). Thus, caution must be given to interpretation of these abnormal deflections. They may reflect electrotonic influence of heterogeneity of refractoriness of adjacent cells or bear some relationship to aftercontractions. To rule out the former, it would be necessary to record from microelectrodes in tissues around the area from which monophasic potentials are recorded to ensure that dispersion of action potentials does not produce these “humps” on monophasic action potentials recorded from the center of the tissue. This obviously cannot be done in humans. Similar humps with timing consistent with delayed afterdepolarizations can also be recorded in normal humans.



FIG. 11-104. Monophasic action potential recording in a normal patient. Five surface ECG leads and electrograms from the HRA and AVJ are shown along with a monophasic action potential in the RV (RV 'map'). Similar recordings were shown from multiple sites in the LV. Note a hump in the monophasic action potential at the end of phase 3 of the action potential. This is analogous to early afterdepolarizations observed in an experimental preparation.



FIG. 11-105. Cesium-induced early afterdepolarizations. A and B. Early afterdepolarizations ( arrow) associated with cesium-induced polymorphic VT are shown. Atrial overdrive pacing in (B) leads to a progressive attenuation of the afterdepolarizations ( arrow) at the shorter cycle length. (Adapted: Levine JH, Spear JP, Guarnieri T, et al. Cesium chloride-induced long QT syndrome: demonstration of afterdepolarizations and triggered activity in vivo. Circ 1985;72:1092.)



Thus, at this time I urge caution in interpreting abnormal potentials observed from the right or left ventricle in patients with polymorphic VT. Even if one can demonstrate that such humps are not a manifestation of electrotonic interaction of dispersion of refractoriness and were due to a local or diffuse abnormality delaying repolarization currents, this does not mean that these abnormalities are causally related to the arrhythmias. Moreover, investigators of cesium-mediated early afterdepolarization have questioned whether the sustained arrhythmias that occur following the initial afterdepolarization are not due to enhanced abnormal automaticity (98). Although bradycardic-dependent and adrenergic-dependent long QT syndromes differ in clinical presentation and in setting factors, the electrocardiographic abnormalities of the T waves and U waves and the morphologic similarity of arrhythmias have led some investigators to suggest that both are related to early afterdepolarizations ( 88). Substantiation of this proposal is required; so far none exists. In my opinion, long QT intervals that are congenital and adrenergic dependent (LQTS2 and some LQTS1) should be considered distinct from those secondary to transient abnormalities that are bradycardic dependent. The marked adrenergic dependency of these congenital syndromes, which are usually associated with normal or rapid heart rates, suggests a different mechanism of arrhythmogenesis may be operative. Certainly, catecholamines can facilitate early afterdepolarizations if the rate of the ventricular rhythm can be controlled by producing heart block ( 200). In the clinical situation, adrenergic stimulation (by isoproterenol infusion) produces a tachycardia that abolishes early afterdepolarizations yet can facilitate initiation of polymorphic VT in some patients with congenital long QT syndromes. As noted earlier in the chapter, marked heterogeneity of refractory periods has been observed in these patients. In this instance, local differences in action potential duration may lead to electrotonically mediated afterdepolarizations, reflected reentry, or fibrillation analogous to that in acute myocordial infarction, which seems to proceed down voltage gradients ( 85,89,205). Recent experimental evidence suggests reentry due to disparate action potentials in the wall of the myocardium is responsible for arrhythmias in the LQTS (85,89). If this were true in humans, polymorphic VT should be more reproducibly initiated in a higher percent of patients. Whether both both potassium channel or sodium channel based LQTS have the same mechanism of initiation (or maintenance) is unresolved. Abnormalities of the autonomic nervous system have been considered responsible for some of the LQTS, particularly LQTS2 ( 186). Certainly, stimulation of the left stellate ganglion has produced QT–T-wave changes and arrhythmias analogous to that seen in the congenital long QT syndrome ( 186,206,207). In addition, stelectomy has proved useful in treating these patients, although not universally so ( 186,208,209,210 and 211). Beta-adrenergic blockers alone or in combination with sedative or antiepileptic drugs may also be useful ( 186). Whether these are specific for any genotype of LQTS is not known. Demonstration of abnormal sympathetic innervation of the human heart in patients with congenital long QT syndromes has not been extensively evaluated. Recently we have used iodine- ( 186) meta-iodo benzylguanidine (MIBG, which is an analog of guanethidine and norepinephrine) scanning to evaluate patients with arrhythmias. Using this technique, we have demonstrated marked heterogeneity of MIBG uptake in patients with hereditary long QT interval syndromes whether or not they are on beta-blockade therapy. These preliminary data are exciting and support the hypothesis that the clinical arrhythmias associated with at least some LQTS patients may be primarily related to an imbalance of sympathetic activity. All of our patients with heterogeneity of MIBG had catecholamine-mediated LQTS. Additional studies are necessary to document these abnormalities in a larger group of patients with different LQTS as well as to show their functional significance, perhaps by correlating them with changes in refractoriness and genotype. One of the major issues still to be addressed is whether or not the QT interval is related to, or just a marker of, these arrhythmias. In patients with congenital long QT syndrome successful therapy with beta-blocking drugs or stelectomy, the QT intervals may remain long in the absence of recurrent tachycardias ( 88,186,209,210,211 and 212). Thus, more work is necessary to relate the abnormalities of the QT interval to the genesis of arrhythmias. The exact mechanisms for initiation and maintenance of the polymorphic VTs in the LQTS remain elusive. It is likely that multiple mechanisms are operative. Mechanism of QRS Morphology in Polymorphic Ventricular Tachycardia Although the mechanisms of polymorphic VT associated with a normal or prolonged (congenital or acquired) QT interval are probably different, the morphologic characteristics of the tachycardia are surprisingly similar. In analyzing intracardiac recordings during polymorphic VT in patients with normal QT intervals, we have noted that chaotic electrical activity usually follows a period of rapid VT, and either spreads from one area through the entire heart or appears simultaneously in several parts of the heart (Fig. 11-92, Fig. 11-93, Fig. 11-95) (196). Moreover, similar polymorphic VT could be associated with discrete electrograms that were asynchronous (see Fig. 11-97). These observations suggested that regardless of the exact mechanism generating the primary arrhythmia, multiple simultaneous wavefronts on the heart were necessary for the surface QRS to look polymorphic. Ideker et al. ( 213), recording from multiple simultaneous sites in a canine model of VF, observed that during the early cycles of VF (which are identical to polymorphic VT) repetitive focal excitation could lead to multiple wavefronts on the heart before completion of global cardiac activation.



These investigators suggested that the early QRS complexes of polymorphic VT or VF could be due to an accelerating single VT focus regardless of mechanism. This was analogous to our previously described findings in humans ( 196). Recently, two canine models of quinidine-related torsade de pointes have been reported (214,215). One required additional ischemia and programmed stimulation ( 214) while the other required at least two sites of aconitine induced early afterdepolarizations (215). Both suggested that at least two simultaneous epicardial wavefronts were required to produce the ECG characteristics of polymorphic VT associated with torsade de pointes. In one of these studies ( 214), simultaneous pacing from two epicardial sites asynchronously at slightly different rates induced polymorphic VT. These data suggest that regardless of the mechanism of polymorphic VT (i.e., enhanced automaticity, triggered activity that is due to early afterdepolarizations or focal reentry), the pattern of ventricular activation is responsible for the ECG manifestations. Therefore, ECG characteristics alone should not be used to imply a specific mechanism for the arrhythmia. As such, one must continue to think of polymorphic VT–VF associated with normal QT intervals, congenitally long QT intervals, and acquired long QT intervals as distinct disorders, each having a specific mechanism whose ultimate electrocardiographic expression is polymorphic VT. Initiation of Monomorphic Nonsustained Ventricular Tachycardia Although electrophysiologic studies have been performed in patients with nonsustained monomorphic VT, it is difficult to evaluate the electrophysiologic characteristics of this arrhythmia. This is a consequence of the heterogeneity of the patient population and the mixing of patients with nonsustained and sustained monomorphic and polymorphic VT. Thus, limited information is available concerning initiation of nonsustained monomorphic VT. Even those few studies that specifically address nonsustained VT often fail to distinguish between monomorphic and polymorphic VT ( 216,217,218,219,220,221,222 and 223). The disease states in which this arrhythmia occurred were so diffuse that none of the studies are comparable. Thus, the differences in morphologic characteristics of VT and the diverse populations in which they occurred have been largely responsible for widely varied reported incidence of inducibility in patients with nonsustained VT. In a large study of nonsustained VT, Buxton et al. (218,220) attempted to consider these multiple factors. These investigators found that the number of daily episodes of spontaneous nonsustained VT and the number of complexes of VT during the spontaneous episodes did not influence inducibility. They observed that the highest rate of inducibility of nonsustained VT was in patients with coronary artery disease. Those patients with cardiomyopathy and other cardiac disorders or without heart disease had a much lower incidence of reproducibly initiated nonsustained VT. A similar conclusion was reached by Naccarelli et al. ( 217) although these authors failed to distinguish between polymorphic and monomorphic nonsustained VT. Because it may be difficult to distinguish monomorphic from polymorphic VT owing to the limited number of leads recorded during spontaneous episodes, potential misclassification is a limitation of all studies. For example, if a monitor lead equivalent to a V 1 or V2 demonstrates the uniform, right bundle branch block pattern, this does not mean that changes in axis could not be occurring. In such cases, a tachycardia may be considered monomorphic when it is actually polymorphic. Given this limitation, however, we analyzed 88 patients with coronary artery disease and nonsustained VT and demonstrated an inducibility rate (any ventrucular tachyarrhythmia) of nearly 75% in this highly selected group ( Fig. 11-37). An example of a spontaneous nonsustained VT with only a V 1 monitor and the induced arrhythmia is shown in Figure 11-106. Induced VTs may be short-lived, >5 to 10 beats, or may last for >15 beats (Fig. 11-107). Although the duration of induced VT initiated by single or double extrastimuli may roughly correlate with that of the spontaneous nonsustained VT, in >30% of patients with spontaneous nonsustained VT, a sustained VT may be initiated in the laboratory, usually by triple extrastimuli.



FIG. 11-106. Initiation of nonsustained VT. A. A rhythm strip demonstrating a seven-beat run of NS-VT with a right bundle branch block morphology. B. Double extrastimuli during a basic drive cycle length of 400 msec induces a 7-beat run of nonsustained VT in the same patient.



FIG. 11-107. Initiation of a prolonged run of VT. A single extrastimulus delivered from the VA during a drive cycle length of 600 msec initiates a 20-beat run of nonsustained VT. The patient has a prior inferior wall myocardial infarction.



The induction of sustained monomorphic VT in patients who present with nonsustained uniform VT is primarily limited to patients with coronary artery disease. Sustained polymorphic VT may be initiated in any patient, but as mentioned earlier in the chapter, this may be a nonspecific response. Sustained monomorphic VT can be initiated in approximately 30% of patients with nonsustained VT and coronary artery disease. This has been confirmed in the recently completed Multicenter UnSustained Tachycardia Trial (MUSTT) ( 224). If one analyzes hospitalized patients with prior infarction, nonsustained monomorphic VT and ejection fractions 80% of patients with inducible sustained VT will have a positive signal-averaged ECG, usually a prolonged duration of the ECG), it has a positive predictive value of only approximately 60%, and in the MUSTT study was not of value in predicting which patients would have inducible sustained monomorphic VT ( 76). This may be a consequence of the fact that patients with nonsustained VT and anterior infarction have a much lower incidence of positive signal-averaged ECG than those with inferior infarction. This may relate to the observation that infarction-related conduction delay at the base of the heart further extends electrograms that are already activated late in the QRS, thereby facilitating the appearance of a late potential. Infarction of the apex or anterior wall is associated with conduction delay that begins within the QRS and is less likely to be seen as an extension beyond the end of the QRS unless the conduction delay is marked. It is my impression that such conduction delay in anterior infarction is usually associated with spontaneous sustained VT. Patients with lesser amounts of conduction delay and anterior infarction frequently present with cardiac arrest. Thus, I believe the patients who are studied with nonsustained VT and coronary artery disease are a selected population, usually composed of a higher number of patients with inferior infarctions.



FIG. 11-108. Initiation of nonsustained and sustained VT in a patient with coronary artery disease. A. Double extrastimuli delivered from the RVA initiate nonsustained VT with a right bundle right superior axis morphology. B. When a shorter drive cycle length is used and close-coupled extrastimuli are delivered, sustained uniform VT is initiated. Note that the sustained VT has a similar morphology to the terminal four complexes of the NSVT. See text for discussion.



As noted, in most patients with coronary artery disease and prior infarction, single or double ventricular extrastimuli can initiate nonsustained VT. Rapid pacing rarely improves the inducibility rate. This is not true, however, in patients with normal hearts, particularly those with exercise-related tachycardias, which account for a significant component of so-called repetitive monomorphic tachycardias ( 74,129,226,227,228,229 and 230). In these patients atrial or ventricular pacing are the most common methods of tachycardia initiation. Although ventricular extrastimuli uncommonly initiate these tachycardias, the vast majority can be initiated by atrial or ventricular pacing alone or following the administration of isoproterenol ( Fig. 11-109 and Fig. 11-110). Usually, there is a critical paced cycle length at which the tachycardia is initiated. Frequently, the duration of the tachycardia bears an inverse relationship to the initiating paced cycle length. Thus, nonsustained episodes may be initiated at longer paced cycle lengths and sustained episodes at shorter paced cycle lengths ( Fig. 11-111 and Fig. 11-112). If one analyzes the initial cycle length of the VT and the coupling interval from the last paced complex to the initiation of VT, there does not seem to be a direct relationship. Unlike most experimental models of triggered activity that is due to delayed afterdepolarizations ( 94,95,97,145), the interval from the last paced QRS to the onset of the tachycardia and early cycle lengths of the tachycardia are usually constant. The ultimate cycle length of sustained triggered activity has been observed to be constant in response to various modes of induction in certain experimental preparations. Similarly, in humans the response to rapid pacing uncommonly demonstrates a linear relationship of paced cycle length to the coupling interval to the onset of the tachycardia and the early cycles ( Fig. 11-110, Fig. 11-111 and Fig. 11-112). Nonetheless, the reproducible initiation primarily by rapid pacing and not by isolated extrastimuli appears more consistent with triggered activity that is due to delayed afterdepolarizations than with reentry. Lerman et al. ( 129,230) have demonstrated adenosine sensitivity of these rhythms and suggested that the response supports a cyclic-AMP-mediated triggered activity mechanism. Such rhythms can also be terminated by carotid sinus pressure and other vagal maneuvers as well as by beta blockers and calcium channel blockers.



FIG. 11-109. Induction of nonsustained ventricular tachycardia by atrial pacing. A. A spontaneous episode of NSVT lasting seven beats is observed. The morphology is left bundle left inferior axis. B. HRA pacing at 500 msec initiates nonsustained VT with the same morphology and cycle length as the spontaneous episode. This patient had no organic heart disease.



FIG. 11-110. Initiation of monomorphic tachycardia by atrial and ventricular pacing. A. VT with a left bundle right inferior axis is induced by atrial pacing at a cycle length of 300 msec. B. Ventricular posing at the same cycle length induces an identical tachycardia. See text for discussion.



FIG. 11-111. Effect of drive cycle length on the duration of nonsustained ventricular tachycardia. This is the same patient as in FIG. 11-110. A. During atrial pacing at a cycle length of 400 msec, nonsustained VT is induced and lasts five complexes. B. When the paced cycle length is reduced to 300 msec, a longer run of nonsustained VT is induced.



FIG. 11-112. Critical role of cycle length on induction of nonsustained ventricular tachycardia. In the top, a spontaneous episode of VT is seen. A–D. Atrial pacing at progressively shorter CLs is shown. A. When the paced cycle length is 480 msec, no VT is induced. B. At a paced cycle length of 440 msec, a four-beat run of VT is induced. C. When the paced cycle length is reduced to 380 msec, a prolonged run of nonsustained VT is present. D. When the cycle length is further decreased to 360 msec, a prolonged episode is again induced. Note that the interval from the last paced complex to the onset of the VT is constant, regardless of the paced cycle length, and that the cycle length of the tachycardia (VT CL) remains constant, regardless of the paced cycle length. See text for discussion.



As noted, exercise frequently precipitates these arrhythmias spontaneously. Not surprisingly, therefore, the administration of isoproterenol facilitates the induction of the arrhythmia by ventricular extrastimuli or the development of spontaneous nonsustained or sustained arrhythmias when stimulation was required to produce nonsustained VT before administration of isoproterenol ( Fig. 11-113 and Fig. 11-114). The rates of triggered VTs induced by isoproterenol are usually faster than in its absence. Theophylline and atropine may also facilitate induction of these arrhythmias.



FIG. 11-113. Facilitation of induction of sustained VT in a patient with repetitive monomorphic tachycardia. In the control state, during ventricular pacing at a cycle length of 400 msec, double extrastimuli initiate a tachycardia lasting five complexes. Following isoproterenol, ventricular stimuli of comparable prematurity at the same basic cycle length initiate a sustained VT.



FIG. 11-114. Spontaneous initiation of VT following isoproterenol administration. A. A spontaneous four-beat episode of VT is shown. B. Double extrastimuli at a drive CL of 400 msec induces a four-beat run of VT. C. Rapid ventricular pacing also produces a four-beat run of VT. Note the cycle length of the VT is slower during burst pacing than it is following the introduction of double extrastimuli. D. Following a small dose of isoproterenol, which shortened the sinus CL from 840 msec to 560 msec, the spontaneous initiation of a sustained episode of VT occurs. Note that the cycle length of 310 msec is shorter than that following programmed stimulation.



Occasionally, patients with coronary artery disease may present with repetitive monomorphic tachycardia; that is, exercise-induced and/or repetitive short bursts of monomorphic nonsustained VT. Although the clinical characteristics are similar to those repetitive tachycardias in patients with normal hearts, these tachycardias arise from areas of prior infarction. They are often more easily inducible by ventricular extrastimuli or ventricular pacing than by atrial pacing. This is in contrast to the patients with no apparent heart disease in whom this repetitive monomorphic tachycardia appears to arise from normal tissue in the right ventricular outflow tract (see discussion of mapping of VT later in this chapter). In the presence of coronary artery disease, most nonsustained VT can be replicated in the same patient by stimulating the right ventricular apex outflow tract or other ventricular sites ( Fig. 11-115). Approximately 15% of patients with nonsustained uniform VT will require a second site to induce VT. The vast majority will be subsequently initiated from the right ventricular outflow tract. In approximately 10% of cases, left ventricular stimulation is required ( Fig. 11-116). Most of the nonsustained VT that is initiated is initiated by one or two ventricular extrastimuli but 15% to 20% require triple extrastimuli.



FIG. 11-115. Induction of nonsustained ventricular tachycardia from multiple sites in the right ventricle. Double extrastimuli from the RVA, the right ventricular midseptum (RVMS), and RVOT initiate the same nonsustained VT.



FIG. 11-116. Initiation of nonsustained ventricular tachycardia from the left ventricle A. A spontaneous episode of NSVT with a right bundle branch block morphology is shown in a patient with an anteroseptal infarction. B. Stimulation from left ventricular site 9 produces nonsustained VT. Right ventricular stimulation with double extrastimuli from multiple sites failed to initiate nonsustained VT in this patient.



Heretofore, it has not been possible to demonstrate prolonged conduction delay and/or block associated with initiation of the tachycardia so that that criterion for reentry cannot be evaluated. This is due to our inability to map nonsustained VT. Newer technologies (i.e., noncontact mapping and/or use of basket catheters) that allow for simultaneous multisite mapping may provide this capability. Indirect evidence supports reentry as the mechanism of most nonsustained VT associated with coronary artery disease. Class I agents such as procainamide can change nonsustained VT to sustained VT ( Fig. 11-117). This is usually associated with increased ease of induction of the tachycardia (i.e., initiation using longer coupling intervals or at longer drive cycle lengths) and a prolongation of the tachycardia cycle length. Facilitation of induction of sustained VT by drugs that slow conduction almost only occurs in the presence of coronary disease. It may therefore suggest a reentrant mechanism because this situation is analogous to that described earlier in the discussion of sustained VT. Such patients may give a history of syncope associated with rapid palpitations following the empiric administration of such agents. Thus, we believe initiation of sustained uniform VT following administration of a drug in a patient who has never had symptoms in the absence of a drug, but in whom symptomatic arrhythmias occurred following administration of the drug, suggests a proarrhythmic effect of the drug. The induction of sustained VT in the absence of drugs also has clinical significance ( 220,224). We have demonstrated that those patients who present with spontaneous nonsustained VT and coronary artery disease and in whom sustained VT is induced are at increased risk of sudden death. This, as well as low ejection fraction, are two independent predictors of sudden death that are additive. We and others have recently demonstrated that programmed stimulation in patients with nonsustained VT and ejection fractions 


FIG. 11-117. Conversion of nonsustained ventricular tachycardia to sustained VT by procainamide. In the control state, double extrastimuli from the RVOT initiate NSVT with a left bundle branch block left axis deviation morphology. This was the same as the patient's spontaneous nonsustained VT. Following a loading dose of procainamide, triple extrastimuli initiate S-UVT with the same QRS morphology See text for discussion.



Response of Sustained Uniform Ventricular Tachycardia to Stimulation The response of VT to ventricular stimulation can be studied only in sustained uniform VT. Nonsustained arrhythmias are too short and unpredictable in duration to be evaluated meaningfully, and sustained polymorphic VT is invariably associated with rapid hemodynamic collapse. Sustained uniform VT is the only ventricular tachyarrhythmia to which programmed stimulation can be employed in an attempt to characterize its mechanism and potential therapy. Several responses to programmed extrastimuli and overdrive pacing during VT are possible, including the following: (a) no effect on the tachycardia (manifest and concealed perpetuation of VT); (b) resetting of the tachycardia by single, double, or multiple extrastimuli or continuous resetting of the tachycardia circuit by rapid pacing (i.e., entrainment); (c) overdrive suppression of the arrhythmia without termination; (d) overdrive acceleration of the tachycardia, with or without a change in morphology; and (e) termination. The evaluation of the effect of both programmed extrastimuli and overdrive pacing on sustained VT can provide insight into the underlying mechanism, the amount of ventricle required for that mechanism, and the potential role of antitachycardia pacing as a form of therapy. As mentioned earlier in the chapter, experimental studies have been performed to assess the effects of single extrastimuli and overdrive pacing on automatic (normal and abnormal) and triggered rhythms ( 94,95,96 and 97,145). Although those experiments used a variety of atrial and ventricular tissues in vitro, no comparable data are available from excised human tissues in which spontaneously occurring or induced sustained arrhythmias were similarly studied. Nonetheless, one can compare the response of human sustained VT to programmed stimulation with the responses of experimental arrhythmias of known mechanism. Automatic rhythms, which can be neither initiated nor terminated by programmed stimulation, can be reset by single extrastimuli and can demonstrate overdrive suppression ( 47,95,96). Resetting of rhythms that are due to both normal and abnormal automaticity has been observed with a flat response curve having a return cycle approximating the rate of the automatic rhythm plus the time it takes the stimulated impulse to reach and return from the focus. This is analogous to resetting of the sinus node (see Chap. 3), but the stimulation site is usually farther from the automatic focus than a high right atrial stimulation is from the sinus node. Overdrive suppression is voltage dependent and is thus primarily observed in cells exhibiting normal resting potentials (i.e., normal automaticity), while absence of overdrive suppression, or the appearance of overdrive acceleration, is noted with automatic rhythms at lower resting membrane potentials (abnormal automaticity) ( 47,48,94,96). Triggered activity that is due to delayed afterdepolarizations, particularly that which is caused by enhanced catecholamines, consistently demonstrates overdrive acceleration in response to rapid pacing. Thus, these rhythms demonstrate a positive correlation between the cycle length of overdrive pacing and the interval to the first complex of the resumed triggered rhythm and the initial cycle lengths of the triggered rhythm ( 48,94,95,96 and 97,145). Once accelerated, these rhythms may gradually resume their original cycle length or may slow and terminate ( 47,48,94,95,96 and 97). Termination of all nondigitalis-induced triggered activity caused by delayed afterdepolarizations is preceded by gradual slowing ( 47,94,95,97). The response of triggered activity caused by delayed afterdepolarizations to programmed extrastimuli is more variable and can demonstrate a flat resetting response with the return cycle 100% to 110% of the cycle length of the original triggered activity (plus the time to and from the stimulus site to the site of triggered activity), a shortening of the return cycle in response to increasingly premature extrastimuli (i.e., a direct relationship to coupling interval), or termination. Termination by either extrastimuli or overdrive pacing can be abrupt but is often preceded by several afterdepolarizations of increasing cycle length. Digitalis-induced triggered activity producing VT has been studied in the conscious canine model; a direct relationship of the return cycle to coupling interval of single extrastimuli and to overdrive pacing at rapid rates was demonstrated ( 232). Of note, the duration of the first postpacing interval in response to either single extrastimuli or overdrive pacing was independent of the site of stimulation although the QRS morphology of the return cycle was dependent on the site of stimulation. In isolated tissues, the response of digitalis-induced triggered activity is somewhat more complex with regard to extrastimuli. Resetting with a flat response approximating 110% of the triggered cycle length is usually observed at long coupling intervals with single extrastimuli. A decrease in the return cycle may be observed with closely coupled double extrastimuli. Occasionally, an acute doubling of the return cycle may be seen if the first afterdepolarization fails to reach threshold ( 98). A gradual increase in return cycle over a long range of decreasing coupling intervals has not been observed in any



triggered rhythm. Rhythms that are due to early afterdepolarizations are less well studied, and some investigators believe that the sustained rhythms associated with early afterdepolarizations actually represent abnormal automaticity, because they do not typically demonstrate overdrive suppression and may occasionally demonstrate overdrive acceleration ( 75,82). The response of experimental reentrant arrhythmias to extrastimuli and overdrive pacing has been less well studied. Canine models of VT demonstrating reentrant excitation by activation mapping have been able to be terminated by overdrive pacing or extrastimuli ( 25,233,234 and 235). The specific response patterns of the reentrant circuit to single extrastimuli and overdrive pacing (including entrainment) have been reported ( 235,236,237 and 238). Peters et al. (237) recently characterized the spatial and temporal excitable gap of the canine model of anisotropic reentrant VT using high-density mapping. These investigators found a remarkable effect of anisotropy on the response to extrastimuli and on the characteristics of the resetting response curves. Complex resetting patterns were seen dependant on the relationship of the wavefront of activation and the reentrant circuit. Frame and Simson ( 239) described reentry in an anatomically determined reentrant circuit. They studied an in vitro preparation of canine atrial tissue surrounding the tricuspid valve having a fixed pathway but an incomplete recovery of excitability of the involved tissue. Although they observed resetting, complex response patterns were noted that were due to the effects of action potential duration, conduction velocity, and diastolic intervals in different regions of the reentrant circuit. The complex relationships produced oscillations within the circuit that could predict and localize the site of termination. Relating the results of these models to human arrhythmias, in which only the output of the reentrant circuit is observed, is not possible. The best documented reentrant arrhythmias in humans (i.e., those associated with the Wolff-Parkinson-White syndrome) have been studied in detail and have demonstrated resetting in response to single or multiple extrastimuli or rapid pacing and abrupt termination but have not demonstrated reproducible overdrive acceleration (see Chap. 10) (240). Thus, the patterns of responses to single and multiple extrastimuli and overdrive pacing (analyzing resetting responses, overdrive suppression versus acceleration, and/or termination), together with the knowledge of whether or not the rhythm is reproducibly initiated, can help distinguish automatic, triggered, or reentrant mechanisms. Evaluation of the response of a tachycardia to programmed stimulation is only possible in sustained, hemodynamically tolerated tachycardias. Thus, only in sustained monomorphic tachycardia can the response to programmed stimulation and overdrive pacing be assessed. Although nonsustained VT (regardless of morphology), or polymorphic VT/VF cannot be studied, in those patients in whom these arrhythmias can be changed to sustained uniform VT by drugs or stimulation techniques, evaluation of the response to overdrive stimulation and/or extrastimuli may be possible. In such cases, the response parallels that seen with uniform sustained VT. Protocol for Stimulation During Sustained VT To evaluate the effects of stimulation on sustained uniform VT, the tachycardia must be well tolerated hemodynamically and must have a stable cycle length. Therefore, the response to programmed stimulation can be evaluated only in a selected group of patients with relatively slow VTs (cycle lengths usually ³ 280 msec). This necessitates the inclusion of patients with monomorphic sustained VT slowed by antiarrhythmic agents. Stimulation protocols have varied among laboratories. Few studies have been performed using a carefully designed and systematic stimulation protocol; as a result, interpretation of responses with regard to underlying mechanism is limited. The major problem has been the immediate reaction of the investigator to try to terminate the tachycardia, thus limiting a systematic approach to understanding the response of the tachycardia to a specific mode of stimulation. In some instances, regardless of whether or not a systematic protocol is used, the appearance of a poorly tolerated tachycardia will necessitate abbreviating the protocol to safely and rapidly terminate the rhythm. Another limitation is that stimulation may change one tachycardia to another or accelerate it to VF. Nonetheless, use of a systematic approach is imperative if one is to interpret the response to programmed stimulation. Several factors influence the ability of extrastimuli and/or rapid pacing to interact with the tachycardia. These include VT cycle length (which is probably the most important); the refractory period at the stimulation site and at the site of impulse formation; the conduction time from the site of stimulation to the site of impulse formation; and, in the case of reentrant arrhythmias, the duration of the excitable gap. These must be taken into account to properly interpret the significance of responses of VT to stimulation. We currently use the following protocol to investigate the mechanism of sustained uniform VT ( 1,241,242,243,245 and 246). Initially, single ventricular extrastimuli are delivered from the right ventricular apex with the use of an electrogram recorded from that catheter to synchronize the stimulation. Stimulation from other right and/or left ventricular sites may be carried out in a comparable manner to gain information relative to site specificity of a given response ( 244,247). Stimulation at sites believed to be in the reentrant circuit is critical in delineating critical diastolic pathways to which one can target ablative energy to cure VT (see Mapping of VT later in this chapter and Chap. 14). It is essential that stimulation at these additional sites be performed systematically as will be described for the right ventricular apex. Initially, extrastimuli are delivered at coupling intervals just shorter than the VT cycle length. The coupling interval is decreased in 5- to 10-msec decrements until local refractoriness is reached. Analysis of the return cycle is necessary to evaluate whether or not the extrastimulus has influenced the tachycardia. If resetting or termination of the tachycardia is not observed with single extrastimuli, double extrastimuli should be delivered. The most common reason for single extrastimuli to fail to terminate or influence the tachycardia is that the tachycardia cycle length is too short and/or local refractoriness too long to permit the stimulated impulse to reach the excitable gap of the tachycardia circuit. In such instances, the use of two or more extrastimuli will usually succeed. The first extrastimulus will alter the wavefront of activation from the stimulus site and, hence, alter the sequence of refractoriness. This will allow delivery of a second extrastimulus at a longer coupling interval, which can reach the tachycardia circuit in time to affect it ( Fig. 11-113). The first extrastimulus (S 1) is introduced at a coupling interval 20 msec greater than the longest coupling interval at which S 1 resets the tachycardia or 20 msec above refractoriness if S 1 failed to interact with the tachycardia. S 2 is then delivered at a coupling interval equal to the VT cycle length, and the S 1–S2 interval is progressively decreased in 5- to 10-msec decrements. This method enables S 1–S2 intervals to influence the tachycardia at comparable, or longer, coupling intervals than VT–S 1 intervals that failed to influence the VT (see Fig. 11-118). Moreover, this method allows comparable coupling intervals to reach the circuit at a greater relative degree of prematurity than if that same coupling interval were used for the first extrastimulus (see Fig. 11-119). By this methodology, only a single extrastimulus interacts with the circuit.



FIG. 11-118. Mechanism by which double extrastimuli facitiate reaching the site of origin during VT. A and B. The VT site of origin (SOO) is shown at the bottom, and the wavefront of activation propagating toward the pacing site (PS) is shown at the top. A single extrastimulus is limited by local refractoriness and cannot reach the site of origin of the VT, colliding with it in the intervening tissue. B. During the delivery of double extrastimuli, the first extrastimulus again fails to reach the site of origin of the VT; however, it peels back intervening tissue refractoriness and allows the second extrastimulus to reach and reset the VT circuit. (From: Stamato NJ, Rosenthal ME, Almendral JM, Josephson ME. The resetting response of ventricular tachycardia to single and double extrastimuli: implications for an excitable gap. Am J Cardiol 1987;60:596.)



FIG. 11-119. Diagram showing how double extrastimuli, with the first extrastimulus set outside of the resetting zone determined with single extrastimuli, can achieve greater prematurity relative to the VT origin than can single extrastimuli with similar coupling intervals. A–C. Ventricular activation is represented by arrows. The ventricular activation of VT beats is represented as spreading from a site of origin SOD, whereas the activation of paced beats is represented in the opposite direction A. The activation wavefront generated by a single extrastimulus (S 1) with a coupling interval of X msec does not reach the site of origin, because of collision with the next VT wavefront. B. An earlier S1 (coupling interval of Y msec) reaches the site of origin and resets the VT. C. However, if an extrastimulus (S2) with the same coupling interval (Y) is preceded by an S 1 outside of the resetting zone (coupling interval of X msec), it achieves greater prematurity (P in B and C) relative to the site of origin of the VT. S 1 = first extrastimulus; S 2 = second extrastimulus. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



This method also permits examination of the effect of single extrastimuli on a VT over a greater range of coupling intervals by minimizing or eliminating electrophysiologic factors at the stimulation site or intervening tissue that could influence the ability to influence the VT. An example of this methodology is shown in Figure 11-120, in which single extrastimuli delivered up to local refractoriness (170 msec) failed to influence the tachycardia. When the first extrastimulus is delivered 20 msec above refractoriness (VT–S1 = 190 msec), a second extrastimulus (S2) delivered 10 msec shorter than the VT cycle length produces resetting. The ability to use relatively long S 1–S 2 intervals to interact with the VT eliminates the introduction of local conduction delays (at the stimulus site or between the stimulus site and reentrant circuit), which can influence the absolute value of the return cycle, leading to misinterpretation of the response. Double or triple extrastimuli can also be delivered such that each extrastimulus interacts with the site of impulse formation to varying degrees before termination. However, without controlling the degree to which each impulse interacts with the tachycardia circuit, it becomes difficult to interpret (particularly quantitatively) the significance of the response aside from whether or not the tachycardia was terminated. As such, this form of stimulation may be useful in evaluating the potential of antitachycardia pacemakers using scanning or decremental extrastimuli as a method of termination but provides little information that can be used to understand the mechanism of VT. We therefore recommend a stimulation protocol that will permit assessment of the effect of a single extrastimulus on the VT to evaluate the mechanism of the tachycardia and characteristics of the reentrant circuit, if present. For example, if three extrastimuli are used, the first two extrastimuli should be delivered at coupling intervals above those that induce resetting, and the third can be used to interact with the tachycardia. In this case, only the third extrastimulus would interact with the tachycardia as a single perturbation. In this instance, the initial coupling interval of the third extrastimulus should be greater than or the same as the VT cycle length.



FIG. 11-120. Use of double extrastimuli to produce resetting. VT with a right bundle inferior axis is present in all three panels. A. An extrastimulus delivered at the RVA at 180 msec failed to reset the tachycardia. B. An extrastimulus delivered at 170 msec finds the ventricle refractory. C. When the first extrastimulus is placed at 190 msec—an interval when no resetting occurred—and a second extrastimulus is then placed at 340 msec, resetting of the tachycardia is produced. The sum of the coupling intervals of the two extrastimuli and the return cycle is 1000 msec. This is 50 msec earlier than expected, thereby confirming that the tachycardia was reset.



Rapid pacing should be performed, particularly if two or three extrastimuli fail to influence the tachycardia or if the VT is poorly tolerated. It is critical to synchronize the initiation of pacing to the electrogram at the pacing site because absence of synchronization will lead to a variable coupling interval of the first impulse of the burst to the VT. This assumes import because many investigators immediately turn to “burst” pacing to terminate tachycardias (even if the patient is hemodynamically stable), and the initial stimulus is delivered at various coupling intervals from the tachycardia for each burst. Moreover, most investigators do not control the number of extrastimuli delivered. In many instances, pacing is given for a variable duration (e.g., 3 to 30 seconds), which compounds interpretive problems. These factors can lead to a situation in which tachycardias may be reset, terminated, and reinitiated without the investigator knowing it. They may also increase the incidence of acceleration of VT to a faster VT or VF. These two factors make data from the literature difficult to interpret and apply to the VT being studied. Once ensuring synchronization, the investigator should employ a series of paced beats delivered at cycle lengths beginning just shorter than the tachycardia cycle length, then decreasing the cycle length until the tachycardia is terminated. At each cycle length, the response to a variable number of extrastimuli should be assessed (i.e., 1, 2, 3, 4, 5, 6, etc.) ( 1,91,92,241,243,246). The use of a controlled and increasing number of extrastimuli is necessary to assure the investigator that the tachycardia was not reset, terminated, and then reinitiated at the paced cycle length used. By using these techniques, the ability to reset, entrain, and/or demonstrate overdrive acceleration, suppression, or termination can be assessed and evaluated and compared to the respective responses of known triggered and reentrant rhythms. Because at least 95% of all sustained monomorphic VT is reproducibly initiated, it is assumed normal or abnormal automaticity is not operative in those cases. For VTs that are not stable enough to allow completion of an entire protocol, synchronized bursts of pacing of variable cycle lengths and for a specified, but variable, number of beats can usually be performed and can provide information about resetting or entrainment, overdrive acceleration and suppression, and termination. However, approximately 25% of tachycardias (particularly those with cycle lengths 


stimuli to interact with the VT. The tachycardia site of origin is “relatively” protected by these physiologic factors, which are unrelated to the tachycardia mechanism. This in no way implies protection of the tachycardia mechanism from responding to an increased number of extrastimuli or extrastimuli delivered at a shorter cycle length and/or closer to the tachycardia origin. In our experience, VT associated with coronary artery disease with cycle lengths 


FIG. 11-121. Failure of right and left ventricular stimulation to affect VT. A and B. From top to bottom are leads 1, a VF, and V 1 and electrograms from the HRA, HBE, RVA, and LVA (and T). VT is present at a CL of 350 msec. A. A right ventricular extrastimulus (S, arrow) results in capture of the RVA and HBE and changes the QRS configuration. The tachycardia is not affected, because the LVA electrogram is unaltered. B. A left ventricular stimulus captures the LVA and changes the QRS complex but fails to affect the tachycardia. See text for discussion. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: Evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



FIG. 11-122. Biventricular stimulation during VT. From top to bottom are ECG leads 1, aVF, V 1, and electrograms from the CS, AVJ, RVA, and the lateral edge of a left ventricular apical aneurysm (LV-Lat) (and T). After two beats of VT, stimuli ( arrow) from both the RVA and LV-Lat are delivered at a coupling interval of 345 msec, without effect on the tachycardia. After two more VT complexes, simultaneous biventricular extrastimuli are delivered at a coupling interval of 265 msec. A full compensatory pause follows the extrastimuli, suggesting they have not influenced the VT. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



FIG. 11-123. Concealed perpetuation of VT following double ventricular extrastimuli. VT with a right bundle branch block right superior axis is present at a cycle length of 340 msec. Following the fourth VT complex, two VT extrastimuli are delivered from the RVA. This results in a pause, during which a sinus capture occurs subsequently followed by resumption of the tachycardia. The return of the tachycardia is an exact multiple of four VT cycle lengths, suggesting absence of effect of the extrastimuli or the sinus capture on the VT cycle length. The presence of pauses in excess of the tachycardia cycle length and the sinus capture without influencing the tachycardia defines concealed perpetuation. See text for discussion.



FIG. 11-124. Mechanism of protection during VT. The panel is organized as in FIG. 11-122 except that the left ventricular catheter has been moved to within the aneurysm (LV-An) and the ECG leads are 2 and V 1. An HRA electrogram is also shown. During VT, two right ventricular extrastimuli are delivered, resulting in capture (note the changed QRS complex) without termination of the tachycardia. Continuing activity at the site of origin within the aneurysm is seen despite biventricular capture. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



The significance of manifest and/or concealed perpetuation is that its presence can be used to demonstrate the extent of ventricular myocardium not required for the tachycardia. Thus, the ability to capture (i.e., depolarize) significant portions of the ventricle by ventricular premature depolarizations without affecting the tachycardia suggests that those captured areas are not required for the tachycardia. In most patients with recurrent sustained VT that is due to coronary artery disease, right ventricular stimulation late in diastole can capture the ventricle ipsilateral to the stimulus site and part of the contralateral ventricle without influencing the tachycardia. As shown in Figure 11-122, occasionally this can be observed with simultaneous stimulation in both ventricles. This phenomenon suggests that the tachycardia mechanism requires only a small area of the ventricle. In a similar fashion, intermittent capture of the His-Purkinje system during the tachycardia suggests that it, too, is not necessary to maintain the arrhythmia, regardless of where the His deflection is located during the tachycardia (see Fig. 11-4, Fig. 11-5, Fig. 11-6 and Fig. 11-7). Occasionally, one may observe continuous ventricular capture by ventricular pacing that does not influence the tachycardia ( Fig. 11-125). In most instances, ventricular pacing is begun late in diastole at a rate slightly different from the tachycardia rate. In all such cases, one must demonstrate that ventricular pacing at this cycle length did not terminate and reinitiate the tachycardia. In these cases, ventricular pacing—because its cycle length is close to that of the VT and the distance of stimulus site is far from the tachycardia—fails to reach the tachycardia at a time to influence it. This must be distinguished from continuous resetting of the tachycardia circuit, which will be described subsequently. As noted earlier, sinus captures, occurring either spontaneously or in response to atrial stimulation, can occur without influencing tachycardia. The demonstration that neither the proximal His-Purkinje system nor the majority of ventricles are required to sustain the tachycardia, and that supraventricular captures can occur without influencing the tachycardia, suggests that the tachycardia must occupy a relatively small and electrocardiographically silent area of the heart.



FIG. 11-125. Failure of ventricular pacing to alter VT. The panel is organized as is Fig. 11-1. VT is present at a CL of 350 msec. Right ventricular pacing ( arrows) is begun after the fourth complex (upper panel), resulting in ventricular capture (change in QRS complex). When pacing is discontinued ( bottom panel), the tachycardia is still present. Note that during right ventricular pacing the electrogram from the LVA remains unaffected. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



Resetting of Ventricular Tachycardia Resetting of a sustained rhythm occurs when a premature stimulus results in a less than compensatory pause before resumption of the original rhythm. We also require that the first return VT complexes have the same morphology and cycle length as the VT before delivery of the extrastimulus regardless of whether single or multiple extrastimuli are used. As noted in the preceding paragraphs, extrastimuli delivered at long coupling intervals and/or pacing at slow heart rates approximating those of the tachycardia may fail to interact with the tachycardia, resulting in a fully compensatory pause producing manifest or concealed perpetuation of the tachycardia. To reset a tachycardia, the impulse must be able to reach the tachycardia site of origin and find it excitable. In the case of a reentrant arrhythmia, an excitable gap (temporal and spatial) must exist between the leading edge of the tachycardia impulse and the wave of refractoriness following the impulse. The temporal excitable gap is the interval of excitability in msec between the head of activation of one impulse and the tail of refractoriness of the prior impulse. The spatial excitable gap is the distance occupied by the excitable gap in mm at any moment of time ( 237). The size of the spatial gap can vary greatly depending on the conduction velocity and refractoriness that determine the length of the excitable gap. In humans we can only evaluate the temporal excitable gap of the entire circuit. It is impossible to assess the conduction velocity and refractoriness at any point in the circuit (which certainly must vary) with current technology. This is one of the limitations in interpreting accuracy of measurements of the excitable gap. Resetting of VT is said to occur when a stimulated impulse enters the excitable gap of the reentrant circuit and collides antidromically (retrogradely) with the preceding VT wavefront, while conducting orthodromically (antegradely) through the reentrant circuit to exit at an earlier than expected time. Termination occurs when collision with the prior impulse antidromically is associated with orthodromic block ( Fig. 11-126). The noncompensatory pause following the stimulated impulses and the return cycle are typically measured at the pacing site; however, they may also be measured to the onset of the VT QRS complex or at a left ventricular site. In the case of a reentrant arrhythmia, the coupling intervals over which resetting occurs can be considered a measure of the duration of the temporal excitable gap existing in the reentrant circuit. Overdrive pacing can be used to produce entrainment (or continuous resetting) of the reentrant circuit ( 1,91,92,241,245,246,252,253 and 254,260,261). Features of entrainment will be discussed subsequently.



FIG. 11-126. Response of a reentrant circuit to progressively premature ventricular stimulation. A. A schematized reentrant circuit with an entrance and an exit is shown with the impulse circulating within the circuit. The solid part of the impulse represents tissue that is totally refractory, and the stippled area represents tissue that is partially refractory. The clear space represents a fully excitable gap. B. Resetting is produced by a premature stimulus, which enters the circuit to collide retrogradely (antidromically) with the preceding tachycardia impulse. At the same time, the stimulated impulse can conduct antegradely (orthodromically) because the tissue is fully excitable. The stimulated impulse then continues to traverse the reentrant circuit to reset the tachycardia. C. Termination occurs when the stimulated impulse collides retrogradely with the preceding tachycardia impulse and blocks antegradely owing to encroachment on the refractory period of the preceding wavefront.



Data that must be analyzed during the resetting protocol and that are critical in evaluating tachycardia mechanism include the duration of the return cycle versus the VT cycle length, the ability to reset the tachycardia in the presence of surface ECG or intracardiac fusion, and the resetting response pattern (i.e., the relationship of the return cycle to the coupling interval of the extrastimulus producing resetting). The entire zone of coupling intervals over which resetting occurs should also be evaluated as a measure of the duration of the excitable gap in the case of reentrant rhythms. The entire extent of the fully excitable gap would be the zone of coupling intervals from the onset of resetting until termination. Site specificity for resetting is another factor that may help discriminate mechanisms because rhythms that are due to triggered activity or automaticity do not exhibit site specificity. In view of the fact that >95% of sustained monommrphic VT is reproducibly initiated, thereby excluding an automatic rhythm, triggered activity that is due to delayed afterdepolarizations and reentry are the two mechanisms that must be distinguished. As stated



in preceding paragraphs, triggered activity may be reset to produce flat return cycles at 100% to 110% of the cycle length of the triggered activity or a decreasing return cycle with a direct relationship to the coupling interval. These responses have no site specificity, and resetting by extrastimuli delivered following the onset of the VT QRS (i.e., with fusion) is not possible in the presence of a triggered rhythm and is diagnostic of a reentrant mechanism. Investigators should also evaluate the relationship between the ability to reset the tachycardia and the tachycardia cycle length, the QRS morphology and axis of VT, presence of antiarrhythmic agents and the local activation time at the pacing site (defined by the interval from the onset of the QRS to the local electrogram at the stimulation site). This latter measurement is considered an estimate of time from the exit point of the VT origin to the pacing site. These data are descriptors of factors unrelated to the tachycardia mechanism, which may influence the ability of an extrastimulus to influence the VT. When more than a single extrastimulus is delivered, the relative prematurity should be corrected by subtracting the coupling interval(s) from the spontaneous VT cycles when the extrastimuli are delivered. To account for any cycle length oscillation we require at least a 20-msec shortening of the return cycle to demonstrate resetting ( Fig. 11-127). Resetting of VT with right and left bundle branch block patterns is shown in Figure 11-127 and Figure 11-128. The measurement of the local activation time (LAT) at the pacing site is shown in Figure 11-127.



FIG. 11-127. Example of resetting of a uniform VT by a single ventricular extrastimulus introduced at the right ventricular apex. Surface ECG leads 1, aVF, and V 1 are displayed with an intracardiac recording from the RVA as well as T. Paper speed is 100 mm/min. The CL of the VT is 400 msec. A premature ventricular extrastimulus (S) is introduced with a coupling interval of 300 msec The return cycle, as measured at the RVA, is 410 msec, resulting in a less than compensatory pause. Note that there is fusion of the QRS on the surface ECG and that the stimulus artifact occurs after the onset of the QRS. The resumption of tachycardia after the premature paced beat occurs on the surface ECG 310 msec after the onset of the fused beat, and after this, the VT resumes with its prior configuration and cycle length (From: Almendral JM, Rosenthal ME, Stamato NJ, et al. Analysis of the resetting phenomenon in sustained uniform ventricular tachycardia: incidence and relation to termination. J Am Coll Cardiol 1986;8:294.)



FIG. 11-128. Analog tracing demonstrating resetting of a left bundle branch type VT by a single premature stimulus . The tachycardia cycle length is 375 msec; the premature stimulus is delivered from the RV at a coupling interval of 180 msec. The return cycle, the cycle of the first tachycardia beat following the extrastimulus, measured at the pacing site, is 440 msec. Resetting is recognized because the same VT immediately resumes and because the return cycle is 130 msec less than fully compensatory. (From: Almendral JM, Stamato NJ, Rosenthal ME, et al. Resetting response patterns during sustained ventricular tachycardia: relationship to the excitable gap. Circ 1986;74:722.)



We have systematically studied the resetting phenomenon using single or multiple extrastimuli during »250 sustained monomorphic VTs. All VTs in which we tested single and double extrastimuli were hemodynamically well tolerated and had a stable cycle length (


FIG. 11-129. Resetting of VT with single and double extrastimuli. A and B. ECG leads 1, aVF, and V 1 are shown with electrograms from the RVA and an electrogram from the left ventricle at the site of origin LV-SOO. The tachycardia has a right bundle right inferior axis and a cycle length of approximately 355 msec. A. A single extrastimulus delivered at 260 msec resets the tachycardia and exhibits a return cycle of 430 msec. B. Double extrastimuli are delivered, which produce resetting with a similar return cycle. See text for discussion.



FIG. 11-130. Comparison of return cycle of VT reset with single and double extrastimuli. The shortest return cycle in response to both single ventricular extrastimuli (SVE) and double ventricular extrastimuli (DVE) in 11 VT are shown. The shortest return cycles seen with each method were correlated with an r = .99. (From: Almendral JM, Stamato NJ, Rosenthal ME, et al. Resetting response patterns during sustained ventricular tachycardia: relationship to the excitable gap. Circ 1986;74:722.)



FIG. 11-131. Resetting of VT by one and three extrastimuli. A and B. Surface leads 1, aVF, and V 1 are shown with electrograms from the RV and LV site of origin The tachycardia has a right bundle branch block right inferior axis morphology and a cycle length of 460 to 470 msec. A. A single extrastimulus delivered at 290 msec produces resetting with tachycardia. B. When three extrastimuli are delivered at 400 msec, the first two do not reset the tachycardia but alter the wavefront of activation so that the third extrastimulus resets the tachycardia. Note that the return cycle measured at the site of origin is similar when resetting is produced by a single extrastimulus or following three extrastimuli.



Return Cycle Versus Ventricular Tachycardia Cycle Length If the return cycle is measured from the extrastimulus producing resetting to the onset of the QRS of the first return VT complex, the shortest return cycle will be less than the VT cycle length in 40% to 45% of sustained VT. Because stimulation is carried out from the right ventricle, conduction time to the tachycardia circuit is incorporated into that measurement. If one considers conduction time between the pacing site and the circuit to be equal to conduction time from the circuit to the stimulation site (so-called local activation time), and subtracts this number from the return cycle as measured to the QRS, the resultant value for the return cycle is less than the VT cycle length in 80% of VTs. There are, however, no data to support an equal conduction time to and from the VT circuit. Of note, the time from the RV stimulus site to a presystolic electrogram in the tachycardia circuit during pacing in sinus rhythm is frequently less than the conduction time from the QRS to the LAT. This reflects differences of the stimulus site to the entrance and exit of the reentrant circuit. This difference depends on the site of stimulation, the VT–QRS morphology and axis, and the VT site of origin. Site Specificity of Resetting Although most VT characteristics, aside from the tachycardia cycle length, and QRS morphology, do not appear to influence the ability to reset tachycardia, the site of RV stimulation may. Although it has not been studied systematically, LV stimulation at selected sites can always reset reentrant VT arising in the LV. To address the question of site specificity of resetting, stimulation should be attempted from different RV sites of stimulation. We have compared the ability to reset 75 VTs from the right ventricular apex and right ventricular outflow tract. The mean cycle length of these VTs was »365 msec, with an approximately equal distribution of right and left bundle branch block morphologies. Twice as many tachycardias had superior axis as inferior axis. Overall, »65% of tachycardias were reset by single ventricular extrastimuli. Of those that were reset, »70% were reset by extrastimuli delivered at both the right ventricular apex and right ventricular outflow tract ( Fig. 11-132). Eighteen percent were reset from only the right ventricular apex and 12% were reset from only the right ventricular outflow tract. Only the presence of left bundle branch block was associated with a higher resetting from both sites. The site of origin of VT (defined as either the most presystolic electrogram closest to mid-diastole or a site of successful ablation; see Localization of VT in this chapter and Chap. 14) did not influence the ability to reset tachycardia from a specific right ventricular site (Fig. 11-133). When we employed double or multiple extrastimuli in the same patients, the site specificity for resetting diminished. Overall, 85% of tachycardias were reset, 80% of which could be reset from both right ventricular sites ( Fig. 11-134). As stated above, although we have not studied the influence of left ventricular stimulation in detail, we were always able to find a site in the LV at which resetting by a single extrasimulus was possible. As a consequence, it is not uncommon for a single ventricular extrastimuli from the left ventricle to reset a tachycardia that could not be reset by single extrastimuli from the right ventricle ( Fig. 11-135). In these patients, the use of double extrastimuli from the right ventricle could usually overcome the influence of electrophysiologic characteristics of the intervening tissue and permit the second extrastimulus to reset the tachycardia ( Fig. 11-135). It is of interest that when tachycardias were reset by extrastimuli from both the right ventricular apex and right ventricular outflow tract, the shortest return cycle was often similar (see Fig.11-132 and Fig. 11-134), suggesting comparable conduction times to and from the circuit in these VT. In other instances they could differ markedly. Importantly, the longest coupling interval at which resetting could be observed was longer from LV sites than RV sites, particularly with VT arising on the LV free wall. Although the total reset zone and resetting response curves were usually similar, we occasionally noted marked differences, even from two RV sites. These observations, and their significance, are discussed in the following section.



FIG. 11-132. Analog recordings of the same VT reset with single ventricular extrastimuli delivered at (A) the right ventricular apex and (B) the outflow tract. Surface ECG leads 1, aVF, and V1 are shown with the intracardiac recordings from the RVA and RVOT. Recordings are made at a paper speed of 100 mm/sec. A and B. The pause after each premature extrastimulus, as measured at the site of stimulation, is less than fully compensatory. S = stimulus artifact. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Influence of the site of stimulation on the resetting phenomenon in ventricular tachycardia. Am J Cardiol 1986;58:970.)



FIG. 11-133. Distribution of site-dependent resetting responses for 19 VTs in which the site of origin was determined by catheter mapping. The LV is shown with the endocardial surface of the anterior wall, ventricular septum, and inferior wall exposed. The site of origin of each VT is designated by a circle. The degree of shading within each circle represents the site-dependent response to single ventricular extrastimuli during each VT. Note the scatter of responses seen at the different left ventricular sites. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Influence of the site of stimulation on the resetting phenomenon in ventricular tachycardia. Am J Cardiol 1986;58:970.)



FIG. 11-134. Resetting of the same VT with double ventricular extrastimuli (S1S2) delivered at both (A) the right ventricular apex and (B) the right ventricular outflow tract. A and B. Surface ECG leads 1, aVF, and V1 are displayed with intracardiac recordings from the RVA, RVOT, and the left ventricular site of tachycardia origin (LV-500). S 1 is delivered with a coupling interval that did not reset the tachycardia during delivery of single ventricular extrastimuli. S 2 yields a less than compensatory pause. The large arrow designates where the local electrogram at the pacing site would have occurred if the tachycardia had not been reset. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Influence of the site of stimulation on the resetting phenomenon in ventricular tachycardia. Am J Cardiol 1986;58:970.)



FIG. 11-135. Resetting VT from the left ventricle. A–C. Organized similarly, although two LV electrograms at the site of origin are shown in (A). In all panels, VT with a right bundle branch block right inferior axis morphology is present with a cycle length of 460 msec. A. RVA extrastimulus at 310 msec fails to reset the tachycardia. B. LV stimulation at a slightly longer coupling interval produces resetting of the tachycardia. C. Double ventricular extrastimuli from the RVA produce resetting of the tachycardia. See text for discussion.



Resetting Response Curves Response patterns during resetting are characterized by plotting the return cycle versus the coupling intervals of the extrastimuli producing resetting measured at the site of stimulation. Qualitatively similar but quantitatively different return cycles are obtained if the return cycle is measured to the onset of the QRS of the first VT complex following stimulation. To document resetting, the VT–VT interval encompassing the stimulus should be at least 20 msec earlier than the expected compensatory pause following a single extrastimulus and at least 20 msec less than three VT cycle lengths when double ventricular extrastimuli are used. Four possible response patterns are schematically shown in Figure 11-136. A flat response is defined by the presence of a return cycle that is constant (


FIG. 11-136. Possible resetting response patterns of VT. The coupling interval of the extrastimulus is shown along the abscissa, and the return cycle is shown along the ordinate. Only flat, increasing, and mixed patterns have been observed in paroxysmal sustained VT. A decreasing pattern has not been seen. (From: Almendral



JM, Stamato NJ, Rosenthal ME, et al. Resetting response patterns during sustained ventricular tachycardia: relationship to the excitable gap. Circ 1986;74:722.)



All VTs reset by single ventricular extrastimuli can be reset by double ventricular extrastimuli. Double extrastimuli produce resetting over a longer range of coupling intervals and should therefore be used to more fully characterize the excitable gap of the VT. Only if single or double extrastimuli result in termination can one conclude that the entire excitable gap was scanned. Given this limitation, for each VT the difference between the longest and shortest coupling interval resulting in resetting is defined as the resetting interval, or reset zone. If termination occurs, the resetting zone would equal the temporal excitable gap. Thus, when one analyzes the percentage of the VT cycle length occupied by the reset zone (i.e., the excitable gap), single ventricular extrastimuli markedly underestimate it. Double extrastimuli, in the absence of termination, also underestimate the excitable gap, but to a lesser degree. As noted previously, during RV stimulation the mean reset interval for all tachycardias, including those reset with single and/or double extrastimuli, was approximately 20% of the VT cycle length (excluding those in whom the reset pattern could not be defined). When only VTs reset by single and double extrastimuli were assessed, the mean resetting zone was nearly 100 msec, which was just under 30% of the VT cycle length. We have not systematcally studied the reset zone in response to LV stimulation; however, when resetting is performed to identify a protected isthmus in the reentrant circuit, termination is commonly observed and the full excitable gap determined (see subsequent section on mapping of VT). In an early study we observed a flat response curve in one-third of VTs =( Fig. 11-137). The mean duration of the flat portion of the curve was 52 msec and was greater in response to two extrastimuli than with a single extrastimulus (65 vs. 45 msec) ( 242,243). In certain tachycardias (Fig. 11-137), this zone was ³100 msec with single extrastimuli. Although a flat response curve may be seen in automatic, triggered, or reentrant rhythms, responses of human VT were most compatible with reentry. First, automatic rhythms (which are basically excluded by the fact that all tachycardias were induced by programmed stimulation) as well as triggered rhythms have return cycles longer than or equal in length to the tachycardia cycle length. As noted, if one measures the return cycle from the stimulus at the longest coupling interval to reset VT to the onset of the QRS and subtracts the local activation time, the return cycle will be less than the VT cycle length in »80% of VTs. In triggered activity, the return cycle is less than the tachycardia cycle length only when a decreasing curve is observed.



FIG. 11-137. A flat response pattern during the resetting of a VT with single extrastimuli. A to C. Surface leads 1, aVF, and V 1, and intracardiac electrograms from the HRA, RVOT, and RVA are recorded simultaneously. The cycle length of tachycardia is 380 msec. Single extrastimuli are delivered from the RVA with coupling intervals of (A) 350 msec, (B) 310 msec, and (C) 250 msec. The return cycle remains fixed at 400 msec. (From: Almendral JM, Stamato NJ, Rosenthal ME, et al. Resetting response patterns during sustained ventricular tachycardia: relationship to the excitable gap. Circ 1986;74:722.)



Assuming a reentrant arrhythmia mechanism, a resetting response demonstrating a flat curve indicates that there is no decremental conduction of the stimulated impulse in the VT circuit over a wide range of coupling intervals. The characteristics of a reentrant circuit in which a flat resetting response is observed suggest the following: (a) A fully excitable gap exists over the range of coupling intervals reaching the reentrant circuit during the flat part of the curve. The total duration of the excitable gap should exceed the range of coupling intervals producing resetting with a flat response. (b) Fixed sites of entrance and exit from the circuit are present. Because by definition the QRS morphology of the first return VT was identical to that of the VT before the extrastimulus, a fixed exit site from the VT circuit is suggested. The flat return cycle suggests a fixed conduction time from the stimulus site through the reentrant circuit over a wide range of coupling intervals. Because return cycles measured to the onset of the QRS (assumed to be near the exit site) remained fixed over a wide range of coupling intervals, a fixed pathway of propagation is likely present, at least as the circuit is entered and traversed by stimuli from a given site. If one assumes that the time from the stimulus site to the circuit is not changing, one must conclude that there is a fixed interval from the site of entrance to the circuit to the site of exit from the circuit. If a single ventricular extrastimulus produced resetting with a flat response, the response to double extrastimuli will also be flat. However, because the use of double extrastimuli allows one to engage the reentrant circuit at relatively long coupling intervals with greater relative prematurity, resetting will begin at longer coupling intervals and will continue over a greater range of coupling intervals than observed using single extrastimuli. The ability to enter the circuit more prematurely than with single extrastimuli allows the total resetting curve to be longer using double extrastimuli. This is shown in Figure 11-138. The fixed return cycles, regardless of mode of stimulation or coupling interval, further support the concept of a fixed entrance and exit site for the tachycardia circuit, at least as analyzed from a single site. Theoretically, double extrastimuli, because they allow impulses to reach the circuit earlier, may produce a flat then an increasing curve (see following discussion).



FIG. 11-138. A VT with a flat response pattern during delivery of both single ventricular extrastimuti (SVE) and double ventricular extrastimuli (DVE.) The return cycle remains fixed as the coupling interval of the extrastimuli are decreased, while the resetting zone, a measure of the excitable gap, is longer with DVE. VTCL = ventricular tachycardia cycle length. (From: Stamato NJ, Rosenthal ME, Almendral JM, Josephson ME. The resetting response of ventricular tachycardia to single and double extrastimuli: implications for an excitable gap. Am J Cardiol 1987;60:596.)



We have observed a pure, increasing curve in approximately one-third of VTs studied ( Fig. 11-139 and Fig. 11-140) (1,91,92,242). Three mechanisms for an increasing curve are possible:



FIG. 11-139. An increasing response pattern during delivery of double extrastimuli. A to C. Surface leads 1, aVF, and V 1 are displayed along with an electrogram from the RVA. The first extrastimulus is fixed at a coupling interval of 300 msec in all panels. A. The second extrastimulus fails to reset a tachycardia at a coupling interval of 295 msec. B. At a coupling interval of 270 msec, resetting of the tachycardia is seen with a return cycle of 355 msec. C. As the coupling interval of the second extrastimulus is decreased to 240 msec, the return cycle increases to 380 msec. (From: Almendral JM, Stamato NJ, Rosenthal ME, et al. Resetting response patterns during sustained ventricular tachycardia: relationship to the excitable gap. Circ 1986;74:722.)



FIG. 11-140. Graphic demonstration of an increasing resetting response curve. The return cycle (RC) is plotted on the ordinate, and the coupling interval (C 1) of ventricular extrastimuli is on the abscissa. A purely increasing curve is shown.



1. The increasing curve may represent progressive conduction delay of the paced impulse between the pacing site and the reentrant circuit. This is highly unlikely because the shortest return cycles are virtually identical when response to single and double extrastimuli from the same site are compared. Moreover, because resetting with double ventricular extrastimuli is achieved at longer coupling intervals than with single extrastimuli, conduction delays at the stimulus site and/or in intervening myocardium in response to single extrastimuli (if they occur) should be abolished or decreased, resulting in shorter return cycles with double extrastimuli. Because response to single and double extrastimuli identical, this mechanism is unlikely ( 241,242 and 243). 2. The delay may be due to a variable site of entrance determined by the tail of refractoriness in the reentrant circuit or conduction delay surrounding the circuit. In these cases, late coupled extrastimuli would enter the reentrant pathway more distally, producing shorter return cycles than early coupled extrastimuli. Thus, the more premature impulse would have to proceed over a longer pathway within the reentrant circuit, resulting in a longer return cycle and an increasing response. Because double extrastimuli, which are relatively more premature at the site of the reentrant circuit than single extrastimuli, produce the same response, a changing entrance site and pathway is excluded. 3. An increasing curve may be due to the ventricular extrastimuli encroaching on partial refractory tissue in the circuit. In this case, progressively more premature stimuli encounter increasingly refractory tissue producing increasing conduction delays and longer return cycles at shorter coupling intervals. This interval-dependent conduction delay may be due to either encroachment on phase 3 of the action potential or caused by nonuniform anisotropic conduction. The resetting zones exhibiting only increasing patterns are shorter than those with flat or mixed patterns even though VT cycle lengths in both cases are comparable (241,256,257). This suggests that the increasing curve is due to a property of the reentrant circuit itself and is most likely related to encroachment on refractoriness in the orthodromic direction. In a mixed response curve, the initial coupling intervals demonstrate a flat portion of the curve of variable duration (but always exceeding 30 msec) followed by a zone during which the return cycle increases. As shown in Figure 11-141, in some cases a flat curve may be seen with single extrastimuli, and it is only by using double extrastimuli that an increasing component of the resetting response curve can be observed. This further demonstrates that double extrastimuli more fully characterize the excitable gap than single extrastimuli. A comparison of the response of VT to single and double extrastimuli from the RV apex is shown in Figure 11-142. In this example, single extrastimuli produce a flat response, while double extrastimuli produce a flat response followed by an increasing response, and finally, termination of the tachycardia. The entire excitable gap demonstrated in Figure 11-142 was 155 msec and occupied 35% of the tachycardia cycle length.



FIG. 11-141. Analog recordings of a VT that has a flat response during the delivery of single ventricular extrastimuli and a flat plus increasing response pattern during the delivery of double ventricular extrastimuli. A. The VT cycle length is 330 msec. Single extrastimuli delivered at a coupling interval of 200 msec reset the VT with a return cycle being less than fully compensatory at 430 msec. B. As the coupling interval of the extrastimulus is decreased to 170 msec, the return cycle remains fixed at 430 msec. At a coupling interval of 160 msec, the effective refractory period was reached. Therefore, a flat response pattern having a duration of 30 msec was demonstrated with single extrastimuli. C. Double extrastimuli are delivered with the coupling interval of the first extrastimulus fixed at 220 msec, 20 msec above that which caused resetting with single extrastimuli. Beginning at an S1 and S2 interval of 310 msec, resetting is seen with a return cycle of 430 msec. D. The return cycle remains essentially fixed as the S1S2 is decreased to 240 msec. E. As the S1S2 is further decremented below 240 msec, the return cycle increases until, at an S1S2 of 180 msec, the return cycle had increased to 480 msec. Thus, the VT demonstrated a flat plus increasing response pattern to double extrastimuli. (From: Stamato NJ, Rosenthal ME, Almendral JM, Josephson ME. The resetting response of ventricular tachycardia to single and double extrastimuli: implications for an excitable gap. Am J Cardiol 1987;60:596.)



FIG. 11-142. Response pattern of a VT to both single ventricular extrastimuli (SVE) and double ventricular extrastimuli (DVE). During the delivery of SVE, a flat response pattern is seen, while during the delivery of DVE, a flat plus increasing response pattern is seen followed by the termination of the VT with DVE. VTCL-VT cycle length. See text for discussion. (From: Stamato NJ, Rosenthal ME, Almendral JM, Josephson ME. The resetting response of ventricular tachycardia to single and double extrastimuli: implications for an excitable gap. Am J Cardiol 1987;60:596.)



We have never observed a decreasing return cycle in response to single or double ventricular extrastimuli. Moreover, in all cases in which single extrastimuli reset the tachycardia, double extrastimuli delivered from the same site produced an identical or expected resetting curve. Thus, if single extrastimuli produce a flat curve, double extrastimuli produce a flat or a flat plus increasing curve, depending on whether or not the second extrastimulus encroaches on refractory components of the excitable gap. If single extrastimuli exhibit an increasing or mixed curve, double extrastimuli also exhibit an increasing or mixed curve, respectively. These findings all suggest that the resetting response curves and resetting zone are most likely related to functional properties and duration of the excitable gap in the VT reentrant circuit. A flat component of the resetting response curve (either a totally flat curve or mixed curve) was observed in two-thirds of the VT we have studied, suggesting that, at least in this selected population of VT, a fully excitable gap is present. Although the type of curve is unrelated to tachycardia cycle length, the absolute duration of the curve does seem to relate to tachycardia cycle length. We have observed a weak but significant ( p = .03) direct relationship between VT cycle length and the duration of the resetting interval. These data suggest that sustained VT in humans (at least those studied using the preceding protocol outlined) is not due to a leading circle-type mechanism ( 263). This mechanism has no fully excitable gap and would not be possible to reset by stimulation performed at a distant site ( 263). The proposed mechanisms for the three types of curves observed in our patients are schematically shown in Figure 11-143. The flat curves with return cycles less than the tachycardia cycle length and the mixed or smoothly increasing curve have never been documented in triggered activity that is due to late afterdepolarizations. In triggered activity, extrastimuli produce either a return cycle at 100% to 110% of tachycardia cycle length or a return cycle that decreases as stimuli become more premature.



FIG. 11-143. Mechanisms of various resetting response patterns. A. Schemas of the three types of curves we have observed (flat, increasing, and mixed). B. A theoretical mechanism of what is occurring in the reentrant circuit is shown at coupling intervals of X and X-50. The reentrant circuit is depicted as having a separate entrance and exit in each pattern. Each tachycardia impulse is followed by a period of absolute refractoriness (thick dark area), which is then followed by a period of relative refractoriness (stippled area) of a variable duration. A. On the left, a flat curve results when the stimulated impulse reaches the tachycardia circuit and finds a fully excitable gap between the head and tail of the tachycardia impulse. The gap is still fully excitable at a coupling interval of X-50 msec. As a result, the conduction time from entrance to exit is the same. An increasing curve is shown in the middle panel. This curve results when the initial impulse producing resetting enters the tachycardia circuit when the excitable gap is partially refractory. The curve continues to increase at a coupling interval of X-50 because the tissue is still in a relatively refractory state. A mixed curve results when extrastimuli delivered at long coupling intervals find the reentrant circuit fully excitable and reset it, as in the typical flat curve shown on the left. However, at a coupling interval of X-50 the impulse finds the excitable gap partially refractory, and an increasing component of the curve results.



We have recently demonstrated that the types of resetting curves could vary depending on the site of RV stimulation ( Fig. 11-144 and Fig. 11-145) (247). This phenomenon, which was observed in 40% of VTs studied, suggests that the barriers (lines of block) and, consequently, the size of the circuit are at least patrially functionally determined and can be markedly influenced by nonuniform anisotropy and/or that the stimulated wavefronts from the different sites engage different sites in the reentrant circuit that are in different states of excitability or refractoriness. It is highly likely that all tissue in the reentrant circuit is not the same and that conduction velocity, excitability, and refractoriness vary at different sites along the reentrant pathway. The variable directions of the incoming wavefronts, due to the different sites of stimulation, will necessarily be associated with different conduction velocities dependent on the arrangement of fibers that the wavefront encounters (25,47,48,237).



FIG. 11-144. Different resetting responses depending upon site of stimulation. Resetting responses from RV apical stimulation (squares) are compared to responses from RV outflow tract stimulation (diamonds). Corrected coupling intervals of extrastimuli are shown on the X axis and the return cycles on the Y axis. In this patient the resetting pattern in response to RV apical stimulation showed a flat (80 msec) and increasing pattern. Resetting from the RV outflow tract resulted in a purely increasing response pattern. Note that the slopes of the increasing component of the resetting curves from both sites is similar. (From: Callans DJ, Zardini M, Gottleib CD, Josephson ME. The variable contribution of functional and anatomic barriers in human ventricular tachycardia. An analysis with resetting from two sites. J Amer Coll Cardiol 1996;27:1106–1111.)



FIG. 11-145. Different resetting responses depending upon site of stimulation. The figure is arranged identically to Fig. 11-144. Resetting from the RV apex results in a flat response pattern for 50 msec followed by abrupt termination at a coupling interval of 155 msec. Stimulation from the RV outflow tract results in a purely increasing resetting pattern for 100 msec until termination occurs. See text for discussion. (From: Callans DJ, Zardini M, Gottleib CD, Josephson ME. The variable contribution of functional and anatomic barriers in human ventricular tachycardia. An analysis with resetting from two sites. J Amer Coll Cardiol 1996;27:1106–1111, with permission.)



Resetting with Fusion The ability to reset a tachycardia after it has begun activating ventricular myocardium makes any mechanism of arrhythmia involving a single focus (whether automatic or triggered) untenable. By definition, fusion implies two wavefronts of activation occurring simultaneously in the heart, in this case, one from the tachycardia and one from the site of stimulation. Fusion of the stimulated impulse can be observed on the ECG if the stimulated impulse is intermediate in morphology between a fully paced complex and the VT complex or if resetting is produced by an extrastimulus delivered after the onset of the tachycardia QRS complex. However, the ability to recognize ECG fusion requires a significant mass of ventricular muscle to be depolarized by both the tachycardia and the pacing stimulus. If presystolic activity in the VT reentrant circuit is present before delivery of an extrastimulus that resets the tachycardia, one must consider this to represent “local fusion.” A schema demonstrating both local and surface ECG fusion is shown in Figure 11-146. A site recorded by a catheter, which demonstrates local fusion usually but not necessarily, demonstrates presystolic activity depending on how long after the onset of the tachycardia QRS the stimulus that resets the VT is delivered (see the discussion of mapping of VT later in this chapter and Chap. 14). Thus, an extrastimulus that is delivered after the onset of the QRS, which enters the circuit and resets the tachycardia, will always demonstrate local fusion. An analog record of resetting with both ECG and local fusion is shown in Figure 11-147, where the extrastimulus is delivered after the onset of the QRS. The resultant QRS is a hybrid morphology between that of right ventricular pacing and of the VT. The presystolic activity in the reentrant circuit is recorded before the stimulated impulse (local fusion).



FIG. 11-146. Schema of local and surface ECG fusion. A and B. The relationship between the recording electrode catheter and the reentrant circuit is shown. A. The local presystolic electrogram (LEG) is shown as a low-amplitude fractionated signal preceding the onset of the QRS. B. Resetting with local (as well as ECG) fusion is shown. The extrastimulus is delivered and collides antidromically with the prior VT wavefront and then conducts orthodromically. The stimulus is delivered after the onset of the QRS; thus, ECG fusion is present. However, local fusion is defined by the presence of an unaltered LEG (specifically, the onset of the LEG) when the extrastimulus is delivered. See text for discussion. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Resetting of ventricular tachycardia with electrocardiographic fusion: incidence and significance. Circ 1988;77:581.)



FIG. 11-147. Analog record demonstrating both surface ECG and local fusion. Leads 1, aVF, and V1 are shown with electrograms from the HRA, RVOT, RVA, and a unipolar and bipolar recordings (LV U, LVB) from the site of origin of the tachycardia. VT with a right bundle branch block and right superior axis is present at a cycle length of 380 msec. After the third VT complex, an extrastimulus is delivered from the RVA at a coupling interval of 345 msec. The stimulus occurs after the onset of the tachycardia complex and produces a QRS that is a fusion between the VT complex and a complex produced by RVA pacing. This defines fusion of the surface EGG. In addition, the presence of an unaltered LV U and LVB at the time the extrastimulus resetting the VT is delivered defines local fusion. Because the onset of the local LV as well as the surface ECG is unaltered by the stimulus, the interval from the QRS or local electrogram just preceding the stimulus artifact to the local electrogram and the interval from the QRS of the return complex are identical. See text for discussion.



We have observed resetting with ECG fusion during RV stimulation in 60% of tachycardias, 40% of which were reset with extrastimuli delivered after the onset of the VT QRS complex. Nearly one-half of the remaining 40% demonstrated resetting with local ECG fusion. Tachycardia cycle length did not distinguish between those tachycardias reset with fusion and those that did not. The time from the onset of the QRS to the activation at the stimulation site was significantly longer for VTs reset with ECG fusion than for tachycardias reset without fusion (90 vs. 30 msec) ( 264). Tachycardias reset with fusion had a higher incidence of flat resetting response curves (Fig. 11-148), a longer resetting zone with double extrastimuli, and a significantly shorter return cycle measured from the stimulus to the onset of the VT QRS (325 vs. 420 msec) than tachycardias not reset with fusion. Moreover, the return cycle corrected for VT cycle length was shorter with VT reset with fusion than those without fusion (0.89 vs. 1.12). In 80% of tachycardias reset with fusion, the return cycle was less than the VT cycle length measured to the onset of the QRS. This finding was present in only 4% of those without fusion. If one subtracted the time from onset of QRS to the local activation at the stimulus site (and we assume it is approximately equal to the time from the stimulation site to the entrance of the circuit) from the return cycle length, the remaining interval equals the time for the wave to traverse the distance from the entrance to the exit of the circuit. This interval is less than the VT cycle length in 100% of VTs that are reset with fusion, as one would expect. These findings are compatible with widely separate (in time and/or distance) entrance and exit sites of the tachycardia circuit. This is schematized in Figure 11-149 and explains why the return cycles are short in tachycardias demonstrating resetting with fusion. In essence, this results because more of the circuit



can be “short-circuited” by the premature stimulus. Although proximity of the pacing site to the entrance of the reentrant circuit may influence the return cycle and the ability to see ECG fusion during resetting, the longest coupling interval causing resetting did not differ significantly between VTs reset with and without ECG fusion. The longest coupling interval at which resetting occurs reflects ease of reaching the excitable gap and proximity to an entrance to the circuit. Resetting with ECG fusion requires wide separation of entrance and exit with the stimulated wavefront preferentially engaging the entrance. As noted earlier, the site of stimulation may in fact have been farther from the exit site (if it was defined by the time from the onset of the VT QRS to the electrogram at the pacing site) in tachycardias reset with fusion.



FIG. 11-148. Resetting of sustained VT with concomitant ECG fusion by single ventricular extrastimulusy. A and B. Surface ECG leads 1, aVF, and V1 are displayed with the intracardiac electrogram from the RVA, and an electrogram from the left ventricular site of origin LV-SOO. A. A single ventricular extrastimulus with a coupling interval of 260 msec resets VT, with a return cycle of 430 msec measured at the RVA. A fully compensatory pause would have yielded a return cycle of 450 msec. Note that the QRS morphology of the VT beat coincident with the extrastimulus is intermediate in morphology between a fully paced beat and a native VT QRS; surface ECG fusion is therefore present. The extrastimulus follows the onset of the electrogram recorded at the site of VT origin and does not alter the morphology of the initial portion of this electrogram compared with baseline. By definition, there is local fusion as well. B. A more premature ventricular extrastimulus (coupling interval 220 msec) results in a less than compensatory pause with concomitant surface ECG and local fusion. Note that the QRS coincident with the premature beat more closely resembles the fully paced QRS complex as opposed to the native VT beat. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Resetting of ventricular tachycardia with electrocardiographic fusion: incidence and significance. Circ 1988;77:581.)



FIG. 11-149. Schematic representation of the relationship of the return cycle during resetting of VT to (A) absence or (B) presence of ECG fusion . A. A premature extrastimulus (asterisk) propagates toward the reentrant circle ( dotted line) and enters the circuit to collide retrogradely with the already circulating wavefront in the circuit (solid line). The premature wavefront propagates around the circuit and exits to cause inscription of a VT QRS complex. The QRS produced by the premature extrastimulus appears fully paced and does not show ECG fusion. The return cycle is measured from the stimulus artifact to the onset of the following VT complex and is labeled rc 1. B. The same phenomenon is pictured with more widely separated entrance (ent) and exit sites in the same-size circuit. In this instance, the premature extrastimulus resetting the VT occurs after the VT QRS, resulting in ECG fusion. Because of the shorter conduction time between entrance and exit sites in the circuit, the return cycle in this case, rc 2, is shorter than in the example in (A). (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Resetting of ventricular tachycardia with electrocardiographic fusion: incidence and significance. Circ 1988;77:581.)



Resetting with local fusion and a totally “paced” QRS complex provides further evidence that the reentrant circuit in VT is electrocardiographically small. Sinus capture beats with total normalization of the QRS and H–V intervals that produce resetting without affecting the local presystolic ventricular electrograms associated with VT are the most dramatic example of how small the reentrant circuit is (Fig. 11-150). The ability to normalize the QRS, yet still produce resetting, suggests that the VT circuit is small and/or electrocardiographically silent.



FIG. 11-150. Resetting VT by a spontaneous sinus capture. From top to bottom are ECG leads V1 and electrograms from the HBE, RVA, CS, and distal, mid, and proximal left ventricular septum (LVS d), LVSm, and LVSp, respectively (and T). On the left is a sinus complex (NSR); on the right VT with A–V dissociation is present. After the second complex of VT, a sinus capture occurs, resulting in normalization of the QRS and H–V intervals without interruption of the tachycardia. The subsequent VT complex is advanced; thus, the VT was reset by the sinus capture. (Modified from: Josephson ME, Horowitz LN, Farshidi A, et al. Sustained ventricular tachycardia: Evidence for protected localized reentry. Am J Cardiol 1978;42:416.)



Response of Ventricular Tachycardia to Overdrive Pacing—Continuous Resetting (Entrainment) Although most ventricular tachycardias can be reset with single or double extrastimuli, 15% to 20% cannot. In these cases, the use of multiple extrastimuli, more commonly overdrive pacing, can demonstrate resetting. The use of overdrive pacing at decreasing cycle lengths with the addition of an incremental number of extrastimuli to each train of pacing at each cycle length can allow one to recognize (a) how many extrastimuli are required before the tachycardia is first reset and (b) the phenomenon of continuous resetting (entrainment). As noted earlier, the requirement for multiple extrastimuli to influence the tachycardia depends on the tachycardia cycle length, the duration of the excitable gap of that tachycardia, refractoriness at the stimulation site, and conduction time from the stimulation site to the tachycardia circuit. With overdrive pacing, a variable number of extrastimuli in the train are used to allow a single extrastimulus to reach the circuit in time to interact with the tachycardia. We refer to the first stimulus in a train that resets the circuit as the nth stimulus. If pacing were stopped at that point, one would assess the influence of a single extrastimulus on the tachycardia circuit. If pacing at that cycle length is continued, continuous resetting of the reset (by the n th stimulus)



tachycardia circuit is observed. Entrainment is defined as a specific response to overdrive pacing: Following the first beat of a train of stimuli that penetrates and resets the tachycardia ( n th stimulus), subsequent stimuli interact with the reset circuit. Depending on the degree that the excitable gap is pre-excited by the nth stimulus, the subsequent stimuli will fall on either fully excitable or partially excitable tissue. Entrainment is said to be present when two consecutive stimuli conduct orthodromically through the circuit with the same conduction time while colliding antidromically with the preceding paced wavefront. The number of extrastimuli required before the nth resets the tachycardia is cycle length dependent. The relative prematurity with which the nth stimulus resets the VT is therefore not controllable, as it is with resetting. At shorter drive cycle lengths, fewer extrastimuli will be necessary before one resets the tachycardia. Regardless of cycle length used, we have found that the return cycle following the nth stimulus is identical to that during resetting at comparably premature coupling intervals. The influence of the drive cycle length on number of extrastimuli required to demonstrate resetting of the tachycardia (i.e., the n th stimulus) can be studied only by using the protocol described earlier in the chapter. Although the initial impulse that resets the tachycardia (nth) does so as described earlier (see the discussion of resetting), if pacing is continued, the reset tachycardia circuit is continuously reset. It is important that the investigator realize that continuous resetting of the circuit (i.e., entrainment) is not acceleration of the tachycardia to the paced cycle length. Only the first extrastimulus that resets the tachycardia ( nth stimulus) interacts with the tachycardia. All subsequent stimuli during entrainment produce antidromic collision with the last stimulated impulse while simultaneously propagating in the orthodromic direction, that is, in the same direction as the VT impulse. Consequently, all stimuli following the nth stimulus interact with the “reset circuit,” which has an excitable gap that has been foreshortened by the degree of prematurity with which it was reset. Just as the cycle length chosen influences the number of extrastimuli required to produce resetting, it also affects the number of extrastimuli required to produce entrainment. This number equals that required for resetting ( n) plus one (n + 1) or more until a fixed, stable situation of orthodromic conduction and antidromic collision are present. The characteristics of the excitable gap of VT are best determined by resetting of the tachycardia with a single extrastimulus (regardless of the preceding number of extrastimuli used to allow the single extrastimulus to reset the VT). Once entrainment of the circuit occurs, not only are subsequent stimuli interacting with a reset circuit with a smaller gap, but the characteristics of the reentrant circuit may be altered by the frequency-dependent effects on refractoriness, excitability, and nonuniform anisotropic conduction. Thus, the responses to resetting of the VT by a single extrastimulus may not resemble those responses to entrainment. However, as stated previously, if one compares the first impulse of a train that resets the VT ( nth beat), it has an identical return cycle to that produced by a single extra stimulus delivered at comparable prematurity ( Fig. 11-151).



FIG. 11-151. Relationship of return cycle during resetting to that following the n th beat during entrainment. The return cycle (RC) during resetting (ordinate) is compared to that following the n th beat during entrainment at comparable coupling intervals. They are nearly identical. See text for discussion.



During entrainment each impulse following the first to reset the VT propagates in both an antidromic and orthodromic direction around the circuit. The antidromic impulse of the last introduced stimulus collides with the orthodromic impulse of the preceding stimulus. The orthodromic impulse of the last introduced stimulus propagates around the circuit to become the first complex of the resumed VT. The conduction time of this impulse to the exit site or QRS is termed the last entrained interval and characterizes the properties of the reset circuit during entrainment. Measurement of the interval from the last stimulus to the first nonpaced VT QRS complex (or the presystolc electrogram) during entrainment at progressively shorter cycle lengths could characterize an “entrainment response curve” analogous (but not identical) to plotting the return cycle versus the coupling interval of single extrastimuli producing resetting described earlier. This return cycle depends critically on the number of extrastimuli delivered that reset the tachycardia circuit before the return cycle is measured, because following the first extrastimulus producing resetting, the subsequent stimuli are relatively more premature and can lead to a different return cycle. Such curves can be very different from true resetting response curves in the same VT. This has led to conflicting interpretations of the nature of the “excitable gap” and misconceptions as to the characteristics of tissue involved in the reentrant circuit. The reasons for these discrepancies and differences between resetting and entrainment will be explained later in this section. The ability to carefully analyze these phenomena requires methodically delivering an increasing number of stimuli at each of several cycle lengths and, optimally, recording from a presystolic electrogram that was shown to be orthodromically captured during resetting by single extrastimuli or rapid pacing (i.e., multiple stimuli) (see Fig. 11-131). In this manner, regardless of whether the tachycardia is reset with a single extrastimulus or the tachycardia circuit is reset by multiple stimuli (entrainment), the characteristics of the orthodromic limb of the reentrant circuit (between the entrance and the exit) can be determined. During entrainment the return cycle measured at an orthodromically captured presystolic electrogram should equal the paced cycle length ( Fig. 11-152 and Fig. 11-153). The return cycle length measured at the presystolic electrogram will equal the paced cycle regardless of the site of pacing as long as the presystolic electrogram is orthodromically activated at a fixed stimulus to electrogram interval (i.e., with a fixed orthodromic conduction time) ( Fig. 11-154). This would not be seen if the electrogram were captured antidromically (see subsequent paragraphs).



FIG. 11-152. Continuous resetting (entrainment) with a return cycle equal to the paced cycle length . Leads 1, aVF, and V1 are shown with electrograms from the RVA and the LV site of origin (LV-SO) Overdrive pacing of the tachycardia is shown at a paced cycle length of 440 msec during which the LV-SO is captured orthodromically. Following termination of pacing, the tachycardia returns. The interval between the LV-SO during the last paced interval and the LV-SO of the first nonpaced impulse is 440 msec and equals the paced cycle length. Note that the return cycle measured in the RVA is 510 msec. The presence of the LV-SO unaltered before the stimulus in the RVA demonstrates local fusion.



FIG. 11-153. Entrainment of VT by right ventricular pacing. A and B. Leads 1, aVF, and V1, are shown with electrograms from the RV and site 4 in the LV, which was near the exit from the VT circuit. The tachycardia is present at a cycle length of 375 msec. A. Right ventricular pacing is begun in the middle of the panel, demonstrating capture of the local electrogram. A fusion complex is seen, which remains fixed during pacing at 325 msec. The RV apical electrogram is captured at the same time that the presystolic electrogram from the VT circuit is recorded. B. Each stimulated electrical apical electrogram advances the subsequent site of origin to the cycle length of the pacing. When the pacing is terminated, the first beat of the resumed tachycardia occurs at the time cycle length of the pacing. Thus, pacing entrained the tachycardia. Note an abrupt change from the fused complex on the left in the bottom panel to the tachycardia complex on the right of the panel. See text for discussion.



FIG. 11-154. Entrainment of VT from both the RVA and RVOT. A and B. Leads 1, aVF, and V1 are shown with electrograms from the RVA, RVOT, and LV-SOO. Tachycardia cycle length is 370 msec. A. Overdrive pacing from the RVA at 340 msec entrains VT. Each LV-SOO is advanced by the preceding stimulus artifact; thus, the LV-SOO returns at the paced cycle length of 340 msec. The return cycle measured in the RVA is 380 msec. B. The same response is noted. Continuous resetting of the tachycardia with a fixed conduction time of the orthodromically captured LV-SOO will always result in the return cycle's equaling the paced cycle length when measured at the LV-SOO. See text for discussion.



If the time from the orthodromically activated electrogram during VT to the onset of the return cycle QRS remains constant (this is a requirement to prove the electrogram is within or attached to the reentrant circuit proximal to exit of the impulse from the circuit), then the stimulus to QRS will also remain constant at different cycle lengths. The same is true of the electrogram measured at the stimulation site. In the absence of recording a presystolic electrogram, other measurements may be used to characterize the last entrained interval at any paced cycle length. All these measurements are shown in Figure 11-155. Therefore, during entrainment, “curves” relating the paced cycle length to the last entrained interval can be measured from the stimulus to the orthodromic presystolic electrogram, the onset of the QRS of the first VT (nonpaced) complex or local electrogram time (LAT) at the pacing site of the first VT complex. These measurements will be qualitatively identical but have different absolute values. These intervals must be measured only after entrainment is documented, i.e., identical post-pacing intervals in response to two consecutive (increasing number) sitmuli. Obviously, if continuous resetting of the circuit is present, VT termination will not occur. In view of the fact that rapid pacing may influence some of the characteristics of the reentrant circuit, and multiple extrastimuli may engage the tachycardia circuit with different relative prematurity, response curves during entrainment differ from those noted with single extrastimuli. These differences are based on the fact that resetting describes characteristics of the VT while the responses to entrainment reflect the influences of multiple extrastimuli on a “reset” circuit that has different electrophysiologic characteristics from the VT circuit itself.



FIG. 11-155. Various measurements that can be used to measure the return cycle during resetting of VT . A and B. Surface leads 1, aVF, and V 1 are shown with electrograms from the RVA and LV. VT is present at a cycle length of 350 msec. A. Continuous resetting of the tachycardia is produced by overdrive pacing from the RVA at 310 msec. B. The return cycle may be measured at the orthodromically activated presystolic electrogram, the onset of the QRS, or the RVA. Because the interval from the LV electrogram to the RVA or onset of the QRS remains relatively fixed, in the absence of recording a presystolic LV electrogram, the stimulus to onset of the QRS or electrogram at the stimulus site may be used to measure the return cycle. Note the difference of the absolute values of the return cycle. See text for discussion.



Nearly 70% of VTs reset by single or double extrastimuli have flat or mixed response curves. Overdrive pacing at long cycle lengths (e.g., VTCL-10 msec) can almost always entrain those VTs with large flat resetting curves with a post-pacing interval equal to the return cycle observed during the flat part of the resetting curve. During overdrive pacing once the nth stimulus of the pacing train resets the tachycardia, the next extrastimulus ( n + 1)th will reach the reentrant circuit relatively more prematurely. Depending on how premature it is, this ( n + 1)th extrastimulus may produce no change in return cycle (compared to that in response to the n th stimulus), progressive conduction delay—until a fixed, longer return cycle occurs—or termination of the tachycardia. The larger the flat curve observed during resetting and/or the longer the paced cycle length, the more likely the return cycle of the nth and (n + 1)th stimulus will be the same (246). In this instance, no matter how many subsequent stimuli are delivered, that return cycle will be the same and equal to that observed during the flat portion of the resetting response curve. However, if the flat portion of the curve is small and/or the paced cycle length is short, the ( n + 1)th stimulus will fall on partially refractory tissue and the return cycle will increase ( Fig. 11-156). Continued pacing at this cycle length will result in a stable but longer return cycle ( Fig. 11-156) than the nth beat or termination of VT. This occurs because the (n + 1)th stimulus falls on the relative refractory period of the nth stimulus. A schema explaining these responses is shown in Figure 11-157. Thus, the last entrained interval and the return cycle in response to resetting with single can markedly differ. Consequently, VTs with large fully excitable gaps (flat resetting response curves) can demonstrate prolonged return cycles, or even termination, at paced cycle lengths equal to coupling intervals of single extrastimuli demonstrating a fully excitable gap (246).



FIG. 11-156. Prolongation of conduction time from the stimulus to the orthodromically activated LV site of origin during entrainment in a tachycardia with a known fully excitable gap. Panels A–C are arranged similarly. A presystolic electrogram fom the VT circuit is shown. VT is present at a cycle length of 460 to 465 msec. A. The earliest ventricular extrastimulus that reset the VT during the flat part of the resetting curve (full excitable gap from 420–300 msec) conducts to the LV electrogram in 425 msec. B–C. Overdrive pacing is begun at a cycle length of 400 msec. Neither the first nor second impulse resets the tachycardia, but the third paced impulse produces resetting manifested by a less than compensatory pause ( panel B). The conduction time from the stimulus to the orthodromically activated LV electrogram is 425 msec. C. Pacing at 400 msec is continued. Again, the third impulse is the first to produce resetting of the tachycardia and has a conduction time similar to that in the top panel (422 msec) However, the subsequent extrastimuli fall on the relative refractory period of the reset reentrant circuit, producing a prolongation of the stimulus to orthodromically activated presystolic LV electrogram. As pacing continues, the conduction time prolongs further and then stabilizes at 460 msec. Because the stimulus to orthodromically activated LV electrogram remains fixed at 460 msec, on cessation of pacing, the return cycle, as measured in the LV, will equal the paced cycle length, i.e., 400 msec. Thus, even though this tachycardia was shown to have a fully excitable gap by single extrastimuli, overdrive pacing produced a prolongation of conduction of the impulse in the orthodromic direction. See text for discussion.



FIG. 11-157. Schema demonstrating how overdrive pacing can produce a prolongation of the return cycle despite the presence of a fully excitable gap. A–F. VT is present at a cycle length of 400 msec. Resetting of the tachycardia was possible with single extrastimuli at coupling intervals 


It is not surprising, therefore, that termination is the usual response of VT to overdrive pacing of VT that demonstrated an increasing curve to a single extrastimulus. However, if the number of stimuli following the n th complex producing resetting is limited to one or two, particularly at long cycle lengths, termination may not be observed, although the return cycle will be progressively longer following each stimulus. Entrainment is not present until two consecutive post-pacing intervals are identical. In such cases, when termination does not occur, the return cycle, as measured from the stimulus to the presystolic electrogram, to the onset of the QRS, or to the LAT will be longer than that observed if pacing were discontinued following the first impulse of the train producing resetting of the tachycardia ( n th stimulus) at that paced cycle length (Fig. 11-156). In general, the return cycle measured from the stimulus that first produces resetting will be less than the return cycle following cessation of pacing after 10 additional cycles when pacing is carried out at short cycle lengths relative to the VT cycle length. Continued pacing at that cycle length usually produces either a fixed first postpacing interval with a return cycle longer than that observed following resetting of the tachycardia by a single extrastimulus (Fig. 11-156) (entrainment present) or termination of VT. Thus, if only the return cycle following entrainment is used to analyze the “excitable gap,” an increasing curve suggesting decremental conduction may result, even though a flat response is observed with single and/or double extrastimuli. Analog recording of this phenomenon and graphs of the return cycles in response to overdrive pacing are shown in Figure 11-158 and Figure 11-159. This has led to conflicting interpretation of the nature of the excitable gap (1,91,92,242,243,245,252,265,266). We believe that only resetting phenomena describe the characteristics of the VT circuit. Entrainment analyzes a reset circuit that has a shorter excitable gap. It is not surprising that return cycles measured during entrainment might exceed those during resetting, leading to the misconception that the VT circuit is composed of decrementally conducting tissues. This is obviously not the case when VT exhibits a flat resetting response curve. Although flat, flat and increasing, and increasing curves can be seen during entrainment of reentrant VT associated with structural abnormalities (i.e., prior myocardial infarction), increasing curves are virtually always observed during entrainment of idiopathic, verapamil sensative, left ventricular VT.



FIG. 11-158. Difference between resetting and entrainment-influence of resetting response on subsequent responses to overdrive pacing. ECG leads I, II, and V 1 are shown with an electrogram from the RVA. VT is present at a cycle length of 430 msec. Top panel. A single extrastimulus is delivered at a coupling interval of 340 msec which arrives 90 msec ahead of the next expected VT complex (arrow) and resets the VT with a return cycle of 480 msec. Middle panel. Using double extrastimuli (the first being a conditioning stimulus) the second extrastimulus (delivered 320 msec after the first) arrives 160 msec prior to the expected VT complex but has the identical return cycle as single extrastimui. A flat response of at least 160 msec is present. Bottom panel. When the second extrastimulus is delivered 180 msec prior to the expected VT complex an increase in the return cycle is observed (520 msec). Thus a flat and increasing curve is present. See text for discussion. (From: Callans DJ, Hook BG, Josephson ME. Comparison of resetting and entrainment of uniform sustained ventricular tachycardia; further insights into the characteristics of the excitable gap. Circ 1993;87:1229–1238, with permission.)



FIG. 11-159. Difference between resetting and entrainment-response to overdrive pacing in patient shown in Fig. 11-158. Both panels are displayed as in FIG. 11-158. VT is present at 420 msec as in Fig. 11-158. Panel A. Overdrive pacing at a cycle length of 360 msec is performed. The nth beat is the second beat that results in a return cycle of 480 msec. The nth + 1 beat (third complex) results in an identical return cycle. When subsequent beats are added to the drive train at the same cycle length, no increase in return cycle is noted. Panel B. Overdrive pacing at a cycle length of 300 msec is performed. The nth beat is the first complex that has a return cycle of 480 msec. However, the return cycle increases to 520 msec following the n th + 1 beat (middle panel) and continues to increase with each incremental beat until the tachycardia terminates following the sixth paced beat. See text for discussion. (From: Callans DJ, Hook BG, Josephson ME. Comparison of resetting and entrainment of uniform sustained ventricular tachycardia; further insights into the characteristics of the excitable gap. Circ 1993;87:1229–1238, with permission.)



When “entrainment” was first described, certain criteria were used to recognize its presence ( 1,91,245,252,253). These included (a) fixed fusion of the paced complexes at any cycle length; (b) progressive fusion (i.e., the QRS complex progresses from looking more like the VT complex to looking more like a purely paced complex as pacing cycle length decreases), which is still fixed at any given paced cycle length; and (c) resumption of the tachycardia following pacing with a nonfused complex at a return cycle equal to the paced cycle length. The interpretation of the results of these studies are limited by their failure to use a protocol that allowed analysis of the response to a progressive finite number of extrastimuli at each paced cycle length (pacing was carried out for 3 to 30 seconds). Thus, these studies failed to eliminate the possibility of stopping and starting the tachycardia during the pacing train as well as distorting the characteristics of the excitable gap of the VT itself. Nonetheless, I generally agree with the conclusion of these studies, which held that the presence of any of these findings suggests a reentrant mechanism. The basic physiology of what occurs during entrainment (i.e., resetting of the tachycardia circuit) was not stressed as much as its use to determine the mechanism of the tachycardia as reentry. This has unfortunately led to many misconceptions about what entrainment means and a lack of understanding of the differences between entrainment and resetting by many cardiologists. None of the initially proposed criteria to recognize entrainment are required to demonstrate resetting of the tachycardia circuit, which is the physiologic basis for entrainment. The demonstration of each of these criteria depends critically on the cycle length of the tachycardia, the characteristics of the excitable gap, and the paced cycle length used. If one studied only the response to single extrastimuli during slow tachycardias that demonstrated long flat portions of their resetting response curves and used an initial paced cycle length 20 msec shorter than the tachycardia, all VT would demonstrate the first two characteristics. How fusion is manifested depends on both the dissimilarity in morphology between the paced beats and VT as well as the paced cycle length necessary to demonstrate continuous resetting. Surface ECG fusion would be impossible to recognize for tachycardias having a similar QRS morphology to that produced by pacing from the right ventricular apex even if fusion were present. If rapid pacing producing a totally “paced QRS” were required to produce resetting, no fusion would be seen. As a result, the criteria for entrainment are less frequently demonstrable than the phenomenon of continuous resetting. Thus, although the presence of any of these criteria always means continuous resetting is occurring, it is important to recognize that resetting occurs in their absence more commonly than in their presence. To analyze the relationship between the resetting phenomenon and the criteria for “entrainment,” we analyzed the response to overdrive pacing of VT in which presystolic electrograms, assumed to arise at or just proximal to the exit site from the reentrant circuit of VT (see following discussion of endocardial mapping of VT), were also orthodromically recorded during resetting of the VT. The ability to demonstrate surface electrocardiographic fusion and thus fulfill two of the proposed criteria for “entrainment” depends on enough of the ventricular myocardium being depolarized by both the stimulated and tachycardia wavefronts so that the presence of both wavefronts can be recognized (i.e., a QRS complex intermediate between a purely paced QRS and a tachycardia QRS). Because fusion between the stimulated wavefront and that emanating from the tachycardia circuit (the orthodromic wavefront) may be restricted to a small area and not produce a “fused QRS,” the basic resetting phenomenon of “entrainment” may not be recognized on the surface ECG. Presystolic electrograms in the VT circuit that are activated orthodromically can be used to demonstrate the presence of fusion when the ECG is insufficiently sensitive. Specifically, using this electrogram one may (a) evaluate the relationship between electrocardiographic and endocardial correlates of fusion, (b) evaluate the mechanisms for inapparent electrocardiographic fusion, and (c) explain why the first postpacing interval measured from the ECG is rarely exactly equal to the paced cycle length. To have electrocardiographic fusion, the QRS must be composed of a portion of ventricular myocardium activated from the impulse exiting the tachycardia circuit as well as from the stimulation site. As such, whenever fusion is present, there must be orthodromic activation of the presystolic electrogram in the circuit, which is believed to represent activity at or proximal to the exit from the circuit which has been arbitrarily defined by the onset of the VT QRS. As noted earlier in this section, orthodromic capture of the presystolic electrogram at multiple cycle lengths results in a steady state in which the return cycle equals the paced cycle length when measured at the local presystolic electrogram. This is shown in Figure 11-160, in which paced cycle lengths from 350 to 260 msec result in entrainment of the tachycardia. Pacing at cycle lengths of 350 to 310 msec result in a fused QRS complex. Pacing at 260 msec results in the appearance of a fully paced surface QRS complex; however, the phenomenon of entrainment is still present, as demonstrated by the fact that during pacing the local presystolic electrogram is continuously activated in an orthodromic direction so that its configuration is identical to that during the tachycardia. As such, fusion occurs within the circuit at the level of the local electrogram even at the fastest paced cycle length during which the QRS resembles a fully paced QRS, but the stimulus is delivered after the beginning of the orthodromically activated left ventricular electrogram. This is an identical situation to that described earlier (see the section entitled Resetting with Fusion). Surface electrocardiographic fusion is, therefore, not necessary to define the presence of entrainment.



FIG. 11-160. Ventricular tachycardia with orthodromic capture of the presystolic electrogram during entrainment at any paced cycle length . A–E. Three surface ECG leads (l, aVF, and V 1) are shown with intracardiac recordings from the RVA and from the LV at the site of origin of tachycardia (LV). A. Uniform sustained VT. B. Pacing during NSR. C to E. Examples of pacing during VT at cycle lengths of 350, 310, and 260 msec, respectively. The surface ECG and all intracardiac recordings are accelerated to the pacing rate, with immediate resumption of the original VT on cessation of pacing. The QRS morphology in (C–E) is intermediate between that of (A) and (B) (fixed fusion) and displays different degrees of fusion (progressive fusion) The first postpacing interval, as measured at the surface ECG, is equal to the paced cycle in (C) and (D) but exceeds the paced cycle length in ( E). Note that the configuration of the LV presystolic electrogram remains unchanged, with a constant stimulus to LV electrogram interval, at all paced cycle lengths, confirming orthodromic activation and no decremental conduction. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



Conversely, if the paced impulse results in antidromic activation (or so-called “retrograde capture”) of the presystolic electrogram before the time at which the tachycardia wavefront would exit to activate the mass of myocardium, then no fusion would be possible. The surface ECG would appear entirely paced. The stimulated impulse would also conduct orthodromically; thus, resumption of the tachycardia would occur with the presystolic electrogram orthodromically activated. Therefore, the last stimulus of the train activates the presystolic electrogram antidromically to produce retrograde capture and simultaneously conducts orthodromically through the circuit. When antidromic or retrograde capture of the local presystolic electrogram occurs, the return cycle, even measured at the site of the presystolic electrogram, will exceed the paced cycle length by the difference in time between when the electrogram is activated retrogradely (i.e., pre-excited antidromically) and when it would have been activated orthodromically ( Fig. 11-161 and Fig. 11-162).



FIG. 11-161. Ventricular tachycardia with orthodromic and antidromic capture of the presystolic electrogram during entrainment. Recorded in all panels are surface ECG leads 1, aVF, and V1 and recordings from the RVA and a presystolic left ventricular site (LV). A and B. Recordings during VT and right ventricular pacing during NSR, respectively. C. Example of entrainment during right ventricular pacing at a cycle length of 310 msec. Note that the initial components of the presystolic left ventricular electrogram (denoted by the arrows) remain unchanged during entrainment when compared with their morphology during tachycardia. The systolic component of this electrogram (small asterisk) is altered. D. However, with pacing at a shorter cycle length (260 msec) the initial component of the left ventricular electrogram changes (large asterisk). This is due to antidromic capture of this electrogram. Also note that the left ventricular electrogram recorded during entrainment is almost identical to the electrogram recorded during right ventricular pacing in sinus rhythm ( B). See text for discussion. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



FIG. 11-162. Continuous resetting of VT with and without ECG fusion. The circles represent sites within the reentrant circuit just proximal to the exit site from the presystolic electrogram is recorded. We have arbitrarilly called this the local electrogram at the site of origin (LE-SOO) is recorded. The open circles represent recordings from VTs demonstrating fusion during entrainment, while the closed circles represent recordings in VTs in which entrainment in the absence of fusion was also documented. A ladder diagram displaying the VT circuit (VT-C) and the mass of the ventricular myocardium (VENTR) is shown. The panel on the left diagramatically represents sustained VT. The panel in the middle represents entrainment at a long paced cycle length. Note the premature penetration of the stimulus into the entrance of the tachycardia circuit so that the tachycardia is advanced to the paced cycle length. During entrainment, collision occurs between the entrance and exit of the achycardia circuit. Because the impulse exited the circuit before the collision, fusion is present on the surface ECG. The LE-SOO is activated by the wavefront entering the circuit and propagating antegradely (orthodromically). Thus, the initial morphology of this electrogram does not change during pacing, and the impulse can exit to produce a fusion complex. However, as depicted in the panel on the right, during pacing at a shorter cycle length, retrograde collision between the stimulated wavefront and the previous tachycardia (or stimulated wavefront) occurs before the point at which the tachycardia can exit the reentrant circuit. The solid electrogram recorded from the reentrant circuit is now activated in a retrograde fashion and is therefore changed in morphology. The open electrogram, however, is still activated in an antegrade fashion (with no change in its initial morphology). Because the presystolic solid electrogram is captured retrogradely, the preceding impulse with which it collides can never exit the circuit; therefore, fusion is impossible during entrainment with retrograde capture of the presystolic electrogram. See text for discussion. FPPI = first postpacing impulse. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



Local fusion and, hence, the possibility of fusion (albeit nonrecognized) outside the circuit can only occur if the presystolic electrogram is activated orthodromically. Collision with the last stimulated impulse must occur distal to the presystolic electrogram, either at exit from or outside the circuit. In all such cases, the return cycle measured at this local electrogram will equal the paced cycle. If pacing is performed at a shorter cycle length, then the paced impulse can penetrate the circuit antidromically and retrogradely capture the presystolic electrogram so that no exit from the tachycardia circuit is possible. When pacing is stopped, the impulse that conducts antidromically also conducts orthodromically to reset the reentrant circuit with orthodromic activation of the presystolic electrogram (see Fig. 11-161). Failure to recognize ECG fusion during entrainment by RV pacing during an LV tachycardia, therefore, has two possible explanations. A fully paced QRS (no ECG fusion) can result even when the tachycardia impulse exits the circuit (orthodromic activation of the presystolic electrogram present), but not enough of the ventricular myocardium is activated to alter the QRS. This should be classified inapparent fusion and is depicted in Figure 11-160. Absence of ECG fusion is definitely present when retrograde activation of the presystolic impulse occurs ( Fig. 11-161 and Fig. 11-162). Obviously, the paced cycle length influences the ability to see fusion; pacing at longer cycle lengths can produce inapparent fusion, and shorter cycle lengths can produce absence of fusion ( Fig. 11-161). This can be detected only by analyzing whether or not the presystolic electrogram is orthodromically or antidromically activated. We analyzed the relationship between change in presystolic left ventricular electrogram morphology during entrainment and the presence or absence of surface ECG



fusion during 59 pacing events in 18 VT ( 245). Retrograde capture had a 100% predictive accuracy for absence of surface ECG fusion. However, the absence of a change of morphology (i.e., orthodromic activation maintained) did not always predict the presence of ECG fusion. These data are shown in Figure 11-163.



FIG. 11-163. A chi-square analysis of the relationship between a change in the presystolic left ventricular electrogram during entrainment and the presence or absence of surface ECG fusion during resetting by overdrive pacing at 59 drive cycle lengths. Of particular note is the absence of surface ECG fusion being correctly predicted (100%) by a change in the morphology of the initial component of the LE-SOO. Conversely, however, the absence of a change in morphology of the presystolic electrogram recorded at the site of tachycardia origin did not always predict the presence of surface electrocardiographic fusion. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



The criterion that the first postpacing interval equals the paced cycle length is obviously not necessary and, in fact, is absent 95% of the time when measured at the surface QRS and 100% of the time when measured at the right ventricular pacing site ( 245). This is clearly shown in Figure 11-155, Figure 11-160, and Figure 11-161. The return cycle can equal the paced cycle when measured at the surface ECG if the stimulation site is carried out at the exit site or within a protected isthmus proximal to the exit site from tachycardia circuit or if the stimulus is delivered after the onset of the VT- QRS. When pacing is carried out from the right ventricle and gives rise to the initial (or total) paced QRS complex, the return cycle will be longer than the paced cycle length by the amount of time it takes to begin generating a QRS complex following the presystolic electrogram. Even when measured at the local presystolic electrogram, the return cycle need not equal the paced cycle length. As mentioned earlier and as demonstrated in Figure 11-161, if antidromic (i.e., retrograde) capture of the presystolic electrogram is observed during pacing, the return cycle will never equal the paced cycle length even at the local presystolic electrogram. It will exceed the paced cycle length by the amount of time that the antidromically activated electrogram is pre-excited (i.e., prior to the time it would have been activated orthodromically). Thus, one can demonstrate two pathways of conduction to the presystolic electrogram: one that has a more prolonged conduction time—that is, the orthodromic pathway in the circuit—and one that results in antidromic capture of that electrogram. Thus, stimulation from the same site in the heart can manifest two activation times to the same point in the reentrant circuit. This has led to the concept that the orthodromic limb of the circuit exhibits a long conduction time ( 1,91,245,252,253,264,266 and 266). This can be easily demonstrated with progressively rapid pacing. At longer paced cycle lengths, orthodromic capture of the presystolic electrogram occurs, and at a critical shorter cycle length, antidromic capture occurs. During orthodromic activation, the stimulus to local electrogram interval is greater than during antidromic capture ( Fig. 11-164). Note that in Figure 11-164 the interval from the stimulus to local presystolic electrogram remains flat over a period of cycle lengths during both orthodromic and antidromic activation, suggesting that no decremental conduction was present. Although others have “demonstrated” so-called “decremental properties” in the orthodromic limb (252,253,261,265,266), this concept is misleading. Slowing is secondary to interval-dependent conduction delay through tissue that has only partially recovered excitability when the ( n + 1)th stimulus reached the circuit. As noted earlier one can observe a flat resetting curve in response to single extrastimuli, yet when rapid pacing is initiated, following the first extrastimulus producing resetting ( nth stimulus) the subsequent stimuli can occur during the relative refractory period of the excitable gap and prolong the return cycle. This prolonged stimulus to presystolic electrogram compared to a single extrastimulus does not imply decremental properties analogous to that of the A–V node (see Fig. 11-157 for explanation). Whether or not the stimulus to local presystolic electrogram increases with decreased paced cycle length depends on whether the ( n + 1)th stimulus (stimulus following the first that produces resetting of the tachycardia) arrives at the circuit in a fully excitable, partially excitable, or unexcitable state ( 246). If it arrives at a fully excitable state, the stimulus to local electrogram will be the same as observed using a single extrastimulus regardless of the cycle length of pacing. This is demonstrated in analog records in Figure 11-160 and in graphic representation in Figure 11-164. The prolongation of the stimulus to local electrogram interval at shorter cycle length means that the ( n + 1)th stimulus has encountered partially excitable tissue in the reentrant circuit. It does not mean that the circuit does not have a fully excitable gap. The presence of a flat response curve in response to single extrastimuli (regardless of the number of preceding stimuli) during VT at cycle lengths 


FIG. 11-164. The relationship of the conduction time from the stimulus to the presystolic left ventricular electrogram as a function of the paced cycle length in seven sustained VTs. The closed circles represent the conduction time in the absence of a change in the morphology of the initial component of the LE-SOO. The Xs represent the conduction time from the stimulus to the left ventricular electrogram in the presence of a change in the initial component of this electrogram. Note that there is no significant change in conduction time over a range of cycle lengths when the morphology of the electrogram is preserved. Although there is dramatic change in conduction time from the stimulus to the left ventricular electrogram at the site of origin when there is a change in the morphology of this electrogram, once the electrogram has changed in morphology, the conduction time remains stable over a wide range of paced cycle lengths. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



During entrainment, when the initial components of the paced QRS result from pacing, the first return cycle, as measured from the stimulus to the onset of the QRS of the return VT complex, will be fixed. A fixed post-pacing interval greater than the paced cycle length following two consecutive stimuli is another criterion suggesting that entrainment is present. This obviously requires a constant stimulus to local presystolic electrocardiogram conduction time in the orthodromic direction (e.g., the return cycle of n + 2 = that following n + 3). This is demonstrated in Figure 11-160 and Figure 11-161, where the first post-pacing cycle measured at the onset of the QRS of the return cycle is constant and not necessarily equal to the paced cycle length. If the post-pacing interval were made at the local presystolic electrogram, the interval will vary depending on whether the presystolic electrogram is orthodromically or antidromically captured during pacing, which in turn will depend on the paced cycle length. The conduction time in the orthodromic limb is the determinant of whether or not a fixed first post-pacing interval occurs, regardless of where it is measured. If the conduction time from the stimulus to the local presystolic electrogram prolongs, then the return cycle, as measured to the onset of the QRS, will also be prolonged. To reiterate, when an increase in orthodromic conduction is observed during overdrive pacing resetting of the reentrant circuit is taking place. It is only when a stable state of orthodromic conduction follows an incremental number of paced complexes that entrainment is said to be present. However, at any paced cycle length, once a steady state of orthodromic activation time is reached, and entrainment is achieved, the first post-pacing will remain constant.



Entrainment of VT by atrial pacing has been observed in reentrant VT due to coronary artery disease and idiopathic VT, and in bundle branch reentry (252,254,267,268 and 269). Entrainment of VT from multiple ventricular sites has previously been demonstrated; continuous resetting during atrial pacing merely reflects ventricular activation initiated at the same site of earliest activation as during normal sinus rhythm. Examples of atrial pacing entraining tachycardias are shown in Figure 11-165 and Figure 11-166. As in tachycardias entrained by overdrive ventricular pacing, those demonstrating similar phenomena in response to atrial pacing can have relatively short return cycles equal to the paced cycle length or prolonged return cycles greater than the tachycardia cycle length. The ability to entrain the tachycardia and maintain a supraventricular QRS complex is further support that the tachycardia circuit must be small and electrocardiographically silent.



FIG. 11-165. Entrainment of VT by atrial pacing. VT is present at a cycle length of 430 msec. Atrial pacing is begun at a cycle length of 350 msec. This ultimately results in total supraventricular capture with appropriate A–H and H–V intervals. Following termination of pacing, the tachycardia resumes with a prolonged return cycle. See text for discussion. (From: Almendral JM, Gottlieb C, Marchlinski FE, et al. Entrainment of ventricular tachycardia by atrial depolarizations. Am J Cardiol 1985;56:298.)



FIG. 11-166. Entrainment of VT by atrial pacing with orthodromic capture of the right ventricular apex. Three surface ECG leads and electrograms from the RVA and RVOT are shown. VT is present at a cycle length of 340 msec when atrial pacing is begun. Eventually, supraventricular capture occurs, during which time there is a fixed relationship of the RVA and RVOT that differs from that during VT. On cessation of pacing, the first return cycle measured in the RVA equals the paced cycle length, suggesting that it was orthodromically captured during right atrial pacing. This is not the case of the RVOT. See text for discussion. (From: Almendral JM, Gottlieb C, Marchlinski FE, et al. Entrainment of ventricular tachycardia by atrial depolarizations. Am J Cardiol 1985;56:298.)



All studies using overdrive pacing as well as single extrastimuli suggest that the conduction time through the tachycardia circuit in the orthodromic direction is relatively long. The site(s) and mechanism of this slow conduction is unclear, but in view of the fact that nearly 70% of VT demonstrate a flat resetting curve to single or double extrastimuli, representing a fully excitable gap for >15% of the tachycardia cycle, the mechanism of this slow conduction must differ from that of the A–V node. Flat return cycle curves can also be observed during overdrive pacing (see Fig. 11-164). These premature impulses and shortened paced cycle lengths are virtually always associated with decremental conduction in slow response to fibers analogous to those of the A–V node. Thus, I believe that slow conduction in the orthodromic direction is likely due to the nonuniform anisotropic characteristics and abnormalities of gap junctions of the circuit. Although depolarized fibers using partially inactivated sodium channels are associated with slow conduction, such fibers also demonstrate decremental properties. As noted earlier in the chapter, the responses of the arrhythmogenic substrate to pharmacologic agents is most consistent with normally polarized myocardial fibers ( 50). It is also theoretically possible that the prolonged conduction time reflects a longer pathway of activation in the orthodromic direction and is unrelated to conduction velocity per se. Nonetheless, based on available data, this tissue does not have decremental properties resembling those of either the A–V node or partially depolarized ventricular fibers because a large fully excitable gap is present. Interval-dependent conduction delays may be seen in ventricular muscle and the His-Purkinje system, both of which are not considered to have “decremental” properties. In my opinion, the conduction properties of VTs are more closely related to propagation through ventricular muscle and/or His-Purkinje tissue in a nonhomogeneous anisotropic environment and poor coupling of cells than to tissue having decremental properties. Detailed mapping of the reentrant circuit of VT in experimental models and in humans has shown abnormalities of gap junctions and nonuniform anisotropic conduction in areas of the VT circuit (25,43,44,47,270,271). We have not noted overdrive acceleration analogous to that seen in triggered rhythms (i.e., linear relation of paced cycle length to early acceleration of the cycle length) in patients with VT that is due to coronary artery disease or with idiopathic VTs. Overdrive acceleration has been observed during rapid pacing, but in this instance, a more rapid rhythm ensues on cessation of rapid pacing without acceleration or deceleration during that tachycardia. In this instance, it is as if the rapid pacing decreases the size of the reentrant circuit or produces double wave reentry. The ability to terminate these rapid tachycardias by pacing from distant sites favors a functional shortening of the VT circuit since it is difficult to penetrate double wave reentry. It is also consonant with the functional nature of barriers as demonstrated by different resetting curves from different sites of stimulation ( 246). Overdrive suppression analogous to that seen in automatic fibers has not been observed in sustained VTs although prolonged return cycles are seen at rapid paced rates. Termination of Sustained Ventricular Tachycardia The ability to terminate sustained VT by programmed stimulation and/or rapid pacing is influenced by several variables previously discussed. They include tachycardia cycle length, refractoriness at the stimulation site, conduction time from the stimulation site to the site of origin of the tachycardia, and in the case of reentrant arrhythmias, the duration of the excitable gap. The hemodynamic tolerance of the tachycardia also determines whether pacing modalities or direct current cardioversion is used to terminate the rhythm. Other factors such as the presence of antiarrhythmic agents can influence the ability to terminate the tachycardia both favorably and unfavorably (see subsequent paragraphs). Thus, the selection of patients to be studied, particularly with respect to tachycardia cycle length and hemodynamic tolerance of the tachycardia as well as the “anxiety” of the investigator in sensing the urgency of termination, are uncontrolled variables that make it impossible to reach firm conclusions about the sensitivity of the ability to terminate and method of termination of VT based on the literature. Although certain generalizations can be made, much of the subsequent discussion relates to personal experience with the tachycardias studied in our laboratory. In general, taking an unselected group of patients in whom VT is studied in the absence of antiarrhythmic agents with tachycardias ranging in cycle lengths of 550 to 220 msec, termination of the tachycardia is possible in approximately 75% of patients. The tachycardia cycle length seems to be the main determinant of whether the tachycardia can be terminated by some form of programmed stimulation or pacing or will require cardioversion ( 248,249,250 and 251). Thus, as shown in Table 11-12, of 139 consecutively studied patients one half the tachycardias having cycle lengths 


termination.



FIG. 11-167. Slow VT terminated with single extra stimulus. A and B. Surface leads 1, 2, and V 1 are shown with electrograms from the RVA and LV lateral wall (LV lot) using a 1-mm and 1-cm interelectrode distance. A. Sustained uniform VT is initiated with double extrastimuli. The tachycardia has a cycle length of 400 msec. B. A single extrastimulus at 230 msec terminates the tachycardia.



In a consectutive series of patients, we found that rapid ventricular pacing was the most efficacious way of terminating the tachycardia (see Table 11-13) (248). Although we did not compare the use of single, double, or triple extrastimuli and/or rapid pacing in each patient, the success of termination was directly related to the number of extrastimuli used. This has been noted by several investigators ( 1,91,152,153,248,249,250 and 251). Differences observed in the exact percentage of efficacy of the different forms of stimulation are related to differences in patient populations. In the early studies by Wellens et al. ( 151,152) and those from our own laboratory (153), the tachycardias studied were slower, allowing a higher incidence of termination by single extrastimuli. More recently, in our laboratory the overall incidence of successful termination of VT by single extrastimuli was 27% ( 245).



TABLE 11-13. Effects of Programmed Ventricular Stimulation (PVS) During VT (123 Patients)



Tachycardia cycle length profoundly affected the mode of termination. This is shown in Table 11-12. If one relates mode of termination to VT cycle length, single extrastimuli can terminate only those tachycardias that are relatively slow (>300 msec). In fact, 80% of tachycardias terminated by single extrastimuli had cycle lengths of >400 msec (see Fig. 11-167). Nonetheless, occasionally, tachycardias with cycle lengths between 300 and 350 msec can be terminated by single extrastimuli (Fig. 11-168). We have seen only five instances when VTs with cycle lengths 


TABLE 11-14. Effect of Procainamide on Mode of Termination of VT (23 Patients)



FIG. 11-168. Termination of relatively rapid VT with a single ventricular extrastimulus. VT at a cycle length of 330 msec is terminated by a single extrastimulus from the RVA at a coupling interval of 230 msec.



FIG. 11-169. Requirement of double extrastimuli for termination of slow VT that is due to slow intraventricular conduction. VT at a cycle length of 200 msec is shown. The QRS during the tachycardia is 245 msec, suggesting slow intraventricular conduction. Two extrastimuli were required to terminate this relatively slow tachycardia. The first extrastimulus delivered at 290 msec fails to influence the tachycardia but changes the path of ventricular activation and shortens local ventricular refractoriness so that a second extrastimulus delivered at 230 msec penetrates the reentrant circuit and terminates the tachycardia.



FIG. 11-170. Termination of relatively narrow VT by two ventricular extrastimuli. Leads 1, aVF, and V1 are shown with electrograms from the HRA, HBE, RV, and LV. The QRS is relatively narrow at 110 msec because the site of origin was shown to be intraseptal. The cycle length of the tachycardia is 385 msec. After the fourth VT complex, two ventricular extrastimuli (S lS2) are introduced to the LV coupling intervals of 300 msec and 200 msec, respectively. S l captures the LV but fails to capture the RV and the ventricular electrogram in the HBE, both of which occur on time. However, S l shortens the refractoriness of the intervening tissues so that S 2 can depolarize the reentrant circuit and terminate the arrhythmia.



FIG. 11-171. Ventricular tachycardia terminated by overdrive pacing. VT is present at a cycle length of 420 msec. Overdrive pacing at a cycle length of 400 msec terminates the arrhythmia.



Two problems frequently encountered in attempts to terminate tachycardias, particularly those associated with coronary artery disease, are acceleration of the arrhythmia by overdrive pacing or the appearance of multiple distinct uniform VT morphologles. We have arbitrarily defined acceleration of a tachycardia as a sustained shortening of the tachycardia cycle length by >30 msec following cessation of pacing. In our experience, this occurs in approximately 25% of tachycardias (248,249,250 and 251,248,249,250 and 251). The frequency of acceleration is related to the mode of stimulation, which in turn is related to the tachycardia cycle length. Acceleration is rare, using single or double extrastimuli (


If the distal component of the arc of block remained unchanged, acceleration of the tachycardia would occur with the same exit site and hence, the same morphology. Alternatively, rapid pacing could remove block in a shorter potential pathway, creating a smaller circuit. De Bakker and colleagues ( 43,44) have shown that in human infarct-related VT there is a sheet of surviving muscle with multiple strands of mucle that can provide many potential entance and/or exit sites that in turn could lead to the formation of many possible circuits. These findings provide a pathophysiologic basis for the last proposed mechanism. In addition, recent detailed intraoperative mapping studies by Downer et al. ( 273,274) have confirmed this proposed mechanism in selected patients. Thus, most of our knowledge about the pathophysiology of VT associated with prior infarction and limited available data support the fourth proposed mechanism. If the accelerated tachycardia has a distinctly different morphology, this may be the result of a change in the exit site from the reentrant circuit, a reversal of the reentrant circuit, or the termination of the initial tachycardia and reinitiation of a different tachycardia elsewhere. This is also consistent with the pathophysiologic substrate described by de Bakker et al. ( 43,44). Acceleration of a uniform tachycardia to a polymorphic tachycardia could be due to the inability of the myocardium to respond to the paced cycle length with the development of changing activation wavefronts, leading to multiple reentrant wavelets that may degenerate to VF. There is no way to predict which type of acceleration will occur. However, in the presence of antiarrhythmic drugs, acceleration to different morphologically distinct tachycardias is common. Acceleration of tachycardia by attempts at termination is a major limitation of antitachycardia pacing without a defibrillator backup (see Chap. 13). The other problem frequently encountered, particularly in VTs associated with coronary disease treated with medication, is the occurence of multiple uniform VTs either spontaneously and/or in response to pacing. In such patients, it is not infrequent for stimulation during one tachycardia to induce another VT of different morphology and cycle length, only to be changed to a third or fourth morphologically distinct VT by continued stimulation. If one is lucky, the changed tachycardias will have a longer cycle length and be more readily terminated ( Fig. 11-172). However, as noted, acceleration of tachycardia is frequent, and failure to terminate the accelerated tachycardia, thereby necessitating cardioversion, occurs in nearly 50% of such instances. The significance of all these multiple morphologically distinct tachycardias induced during attempted termination of the spontaneous VT is uncertain, if they were never before seen either spontaneously or induced by programmed stimulation. More often than not, however, these tachycardias can also be induced by programmed stimulation. Although these tachycardias may never have been seen before spontaneously or may not have been induced, if they are uniform and if their cycle length exceeds 250 msec, we consider them to be important. This belief stems from our surgical, ICD, and ablation experience in which recurrences of these “never before spontaneously seen” VTs are not uncommon. Induction of unstable, rapid VTs (cycle lengths 


FIG. 11-172. Influence of multiple VT morphologies on termination. A–D. All panels are from the same patient, who presented with multiple VTs on different occasions. A. VT with a left bundle branch block and right superior axis is initially present. In an attempt to terminate the tachycardia, we introduced double ventricular extrastimuli which induced a slow left bundle tachycardia after an initial period of polymorphic tachycardia. B. Subsequently, this tachycardia spontaneously accelerated to 330 msec. We again introduced double ventricular extrastimuli which changed this tachycardia to a slow tachycardia having a slightly different morphology. C. We delivered double extrastimuli during this slow tachycardia, which changed it to a slightly slower tachycardia with a different morphology. D. Finally a single extrastimulus terminated this slow tachycardia with a right bundle branch block morphology. See text for discussion.



Mechanism of Termination and Relationship to Resetting Phenomena The reproducible initiation of VT and the responses to stimulation, particularly resetting and entrainment, as well as abrupt termination, all favor reentry as the mechanism for sustained VT. If sustained VT is due to reentry, then termination of the arrhythmia must occur when an impulse penetrates the circuit and blocks in both directions. As previously described, resetting involves antidromic collision with the preceding wavefront and orthodromic conduction of the stimulated impulse through the circuit. For termination to occur, the impulse should be blocked in the orthodromic direction. If one were able to totally scan the excitable gap of the reentrant circuit of a VT with extrastimuli delivered in 1-msec decrements, one would see a flat curve where there is fully excitable tissue and an increasing curve as the premature impulse encounters the tail of refractoriness of the preceding tachycardia impulse. This is schematically shown in Figure 11-173. If our model of VT is correct, resetting of one sort or the other should be observed before termination. Therefore, if one were able to analyze the resetting response before termination of tachycardias in detail, an increasing component should be present.



FIG. 11-173. Mechanism of resetting with a mixed curve followed by termination of VT. A. A schema of a flat plus increasing return cycle is shown. B. Schema of the reentrant circuits in response to extrastimuli delivered at different parts of the curve. On the left, an extrastimulus delivered on the flat part of the curve enters the reentrant circuit during its fully excitable period and conducts orthodromically without conduction delay. In the middle panel, a premature stimulus reaches the reentrant circuit while it is partially refractory resulting in slowed conduction of the orthodromically conducting impulse. This results in an increasing return cycle. On the right, when the impulse is delivered even more prematurely, it encounters refractoriness in the orthodromic direction and the tachycardia terminates. Thus, the slope of the increasing component of the curve should reflect the degree of refractoriness which is encountered by the premature impulse. See text for discussion.



We have analyzed the relationship of resetting to termination in more than 100 VTs ( 241,255,256 and 257). Using the protocol described earlier in which only a single ventricular extrastimulus interacts with the tachycardia circuit regardless of whether single or double extrastimuli are used, »40% of VT were terminated. All but five VTs that were terminated by single or double extrastimuli exhibited resetting before termination ( Fig. 11-174 and Fig. 11-175). Perhaps if we had used premature



extrastimuli delivered in 1-msec decrements, resetting would have been observed in all VT that ultimately terminated.



FIG. 11-174. Resetting and termination of uniform, sustained VT with increasingly premature single ventricular extrastimuli. Surface ECG leads 1, aVF, and V 1 are displayed with an intracardiac recording from the RVA. A. A single ventricular extrastimulus (S) is delivered with a coupling interval to the prior tachycardia beat of 310 msec. The resulting pause of 560 msec, measured at the RVA, is less than fully compensatory; the tachycardia is therefore reset. The bold upright arrow indicates where a fully compensatory right ventricular apical electrogram would occur. Note that after the premature extrastimulus, the tachycardia resumes without a change in morphology or cycle length. B. A single extrastimulus (S) delivered at the RVA with a coupling interval of 250 msec terminates the tachycardia. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Coupling intervals of ventricular extrastimuli causing resetting of sustained ventricular tachycardia secondary to coronary artery disease: relation to subsequent termination. Am J Cardiol 1988;61:770.)



FIG. 11-175. Resetting and termination of sustained VT with double ventricular extrastimuli. Surface ECG leads 1, aVF, and V 1 as well as an intracardiac recording from the RVA are displayed. Single extrastimuli did not reset this tachycardia, and therefore the coupling interval of the first extrastimulus (S l) is set at 230 msec, 20 msec greater than the effective refractory period during VT. A. The interval between S 1 and the second extrastimulus (S2) was set at 290 msec and resulted in a pause of 570 msec. This is less than fully compensatory (bold arrow demonstrates the timing of a fully compensatory electrogram), and therefore the tachycardia is reset. B. The S1–S2 interval is 260 msec, and termination of VT occurs with the resumption of the baseline rhythm and atrial fibrillation. (From: Rosenthal ME, Stamato NJ, Almendral JM, et al. Coupling intervals of ventricular extrastimuli causing resetting of sustained ventricular tachycardia secondary to coronary artery disease: relation to subsequent termination. Am J Cardiol 1988;61:770.)



We also noted that if resetting did not occur with a ventricular extrastimulus delivered with a prematurity index (VT–S 1/VT–CL or VT–S2/2VT–CL) > 0.75 (i.e., 75% of the next expected VT complex), only 2% of VT were terminated by this method of stimulation. When tachycardias were reset at coupling intervals >75% of the expected VT cycle length, 21% were terminated with single extrastimuli and 42% with double extrastimuli. In those VT that were terminated by this protocol, termination was observed at a corrected coupling interval of approximately .70 of the VT cycle length, while resetting was observed at approximately .85 of the VT cycle length. This study confirmed our hypothesis that resetting should occur before termination. We also identified critical coupling intervals at which failure of extrastimuli to produce resetting predicted failure of termination by this pacing modality ( 241,255). These data could have potential for developing algorithms by which single or double premature extrastimuli (delivered as in our protocol) could be used in antitachycardia pacing. This would be advantageous because the incidence of acceleration is negligible when a single extrastimulus interacts with the circuit. Although the failure to reset the tachycardia with single or double extrastimuli predicted failure of termination by these modalities, resetting occurring at coupling intervals exceeding .75 did not predict termination with great accuracy. Approximately 20% of those VT reset with single extrastimuli, and 40% of those reset with double extra stimuli at corrected coupling intervals ³0.75 terminated at shorter coupling intervals. We therefore sought to define what factors determine whether or not termination will occur. We hypothesized that termination was related to the orthodromically conducting impulse encroaching on the refractory period of the last VT wavelength and blocking. If this were the case, as the premature impulse first encroached on the relative refractory period of the prior tachycardia wavefront, an increasing resetting curve should be observed. We postulated that the degree of interval-dependent conduction delay (i.e., slope of the increasing resetting curve) should be related to the degree of encroachment on the refractory period of the prior cycle and, hence, the ability to terminate the tachycardia. Thus, a steeper slope would be noted if more refractory tissue were encountered. To test our hypothesis, we calculated the slope of the increasing limb of the resetting response curve to double extrastimuli and related it to termination ( 256,257). The slope of the resetting response in VTs that were terminated was significantly steeper than those that did not terminate. A comparison of the increasing component of the resetting curve in a VT that was terminated and in one that was not is shown in Figure 11-176. A comparison of the slopes of the resetting curves of those tachycardias that terminated and those that did not is shown in Figure 11-177. Six of seven VTs that terminated with programmed extrastimuli had a slope steeper than –0.75, while only 1 of 10 VT that did not terminate exceeded this value. There was no difference in the tachycardia cycle length in the two groups; thus, one must conclude that the slope of the increasing portion of the resetting curve is a property unique to the tachycardia circuit, which can be used to predict which tachycardias can be terminated by this protocol. Whether the differences in curves reflect a different mechanism for interval-dependent conduction delay (i.e., refractoriness or nonuniform anisotropic conduction) is not known and requires further study. Similar conduction delay prior to termination in response to overdrive pacing was observed by Callans et al. ( 260).



FIG. 11-176. Comparison of slopes of resetting response curves in VTs terminated and not terminated. The coupling interval of the second extrastimuli is displayed on the abscissa, and the resultant return cycle is on the ordinate. Note that with progressively premature extrastimuli, conduction delay occurs within the tachycardia circuit. This is demonstrated by the progressive prolongation of the return cycle in response to a decrement in extrastimulus coupling interval. The slope of the resetting response curve was –0.59 in VT not terminated and –0.88 in those that did terminate. The coefficient of correlation was = 0.95. (From: Gottlieb CD, Rosenthal ME, Stamato NJ, et al. A quantitative evaluation of refractoriness within a reentrant circuit during ventricular tachycardia: relationship to termination. Circ



1990;82:1289–1295.)



FIG. 11-177. Comparison of slopes of resetting responses in tachycardias that terminated and those that did not. Plotted are the slopes of the resetting response curves for the 10 tachycardias that did not terminate in response to double extrastimuli and seven tachycardias that did terminate. The mean slope of the tachycardias that did not terminate in response to double ventricular extrastimuli was –0.61 ± 0.21. The mean slope of those tachycardias that terminated in response to extrastimuli were significantly steeper, –0.85 ± 0.15. (From: Gottlieb CD, Rosenthal ME, Stamato NJ, et al. A quantitative evaluation of refractoriness within a reentrant circuit during ventricular tachycardia: relationship to termination. Circ 1990;82:1289–1295.)



The fact that termination of VT may be site dependent (see subsequent discussion) suggests that nonuniform anisotropy may have an important role in determining the type of slope of the curve. I hypothesize that termination requires block that is due to encroachment on refractoriness in the circuit while interval-dependent conduction delay proximal to that site, by whatever mechanism, can prevent block from occurring. The difference in slopes noted in response to extrastimuli introduced in tachycardias that terminated versus those that did not may reflect whether the site of block required for termination is proximal or distal to the site of conduction delay in the orthodromic limb of the circuit. Proof of this hypothesis requires high-density multisite mapping of the reentrant circuit during programmed stimulation. Experimental studies in a canine model of post-infarction anisotropic reentry showed that spontaneous block occurred orthodromically in the central common pathway of a figure of eight reentrant circuit ( 236). Block was sometimes preceded by a shortening of barrier length leading to earlier penetration of the central common pathway (isthmus). Hanna et al. (238) recently showed several mechanisms by which stimulation could reset and terminate VT in the canine anisotropic reentrant model. The most common mechanism of termination was orthodromic block in the isthmus, but antidromic invasion and colllapse of the circuit was also noted. How these observations in a functional reentrant model relate to post-infarction human VT is uncertain. Recent intraoperative detailed mapping of post-infarction VT demonstrated spontaneous block at the entrance, center, or exit from the isthmus (diastolic central pathway) in the orthodromic direction ( 274). These data provide information that can be applied in an algorithm for antitachycardia pacing. Thus, analysis of the slope of the increasing portion of the resetting curve may be useful to determine during the electrophysiologic study in patients in whom antitachycardia pacemakers are considered a therapeutic option. Demonstration that block occurs in the orthodromic component of the reentrant circuit, as depicted in Figure 11-173, can be obtained by recording orthodromically activated presystolic activity from the reentrant circuit during a delivery of extrastimuli or rapid pacing. Examples of this are shown in Figure 11-178 and Figure 11-179. In Figure 11-178, a single extrastimulus terminates the tachycardia while an orthodromically activated presystolic impulse of the spontaneous tachycardia is occurring, that is, termination with local fusion. Block must therefore occur in the orthodromic direction while collision with the antidromically conducted impulse occurs distal to the presystolic electrogram. A similar situation is shown during termination of VT by rapid pacing in Figure 11-179. Here, the third paced stimulus blocks orthodromically when there is ECG fusion; that is, the stimulated impulse that blocks in the circuit is delivered after the onset of the VT complex. The subsequent stimulated impulses conduct antidromically to the presystolic electrogram with a shorter activation time. These observations confirm that termination of VT is associated with block in the orthodromic direction. Although MacLean et al. ( 252) have stated that termination does not occur in the presence of fusion, this is clearly not so. Conversely, we have demonstrated that “entrainment” (i.e., continuous resetting) of VT can occur in the absence of fusion, when the pacing stimulus antidromically captures the presystolic electrogram (so-called “retrograde capture”) ( 245). Termination is associated with orthodromic block in the circuit, followed by antidromic capture of the presystolic electrogram on subsequent impulses. The shorter conduction time from the stimulus to the presystolic electrogram when captured antidromically compared to orthodromically suggests that slow conduction in the reentrant circuit occurs orthodromically between the entrance and the exit sites (245,252,265,266). Recent studies by Shenasa et al. ( 275) have suggested that ultrarapid subthreshold stimuli delivered in the area where presystolic electrograms are recorded in the orthodromic direction can terminate the arrhythmias. We have seen this occasionally in our patients; however, one must be sure that the tachycardias are not oscillating and about to terminate spontaneously when the subthreshold stimuli are given. In some of the examples presented by Shenasa et al. (275) the tachycardias were either already oscillating, suggesting the possibility of spontaneous termination, or advanced during “subthreshold” stimulation, suggesting premature capture. The site at which subthreshold stimuli terminate VT must identify a protected isthmus (i.e., central common pathway). Nonetheless, this area including and in between the entrance and exit of a central common appears to be the site at which tachycardia termination in the orthodromic direction occurs.



FIG. 11-178. Termination of VT by a single extrastimulus with local fusion. A and B. Leads 1, aVF, and V1 and electrograms from the RVA, RVOT, and the presystolic electrogram arbitrarily defined as the “site of origin” (LV-SO) are shown. VT is present at a cycle length of 375 msec. A. An extrastimulus delivered at 270 msec resets the tachycardia with local fusion and surface ECG fusion. B. When the extrastimulus is delivered 10 msec earlier (coupling interval 260 msec), the tachycardia is terminated abruptly in the orthodromic direction. Note the local electrogram at the LV-SO occurs on time; therefore, local fusion is present at the time of termination. See text for discussion.



FIG. 11-179. Termination of VT by rapid pacing associated with block in the orthodromic direction and surface ECG fusion. A and B. Surface leads 1, 2, 3, and V 1 are shown along with electrograms from the RVA, RVOT, and LV at the site of origin. Uni- and bipolar LV recordings are present. A. VT is present at a cycle length of 380



msec. B. Overdrive pacing is begun. The first two extrastimuli fail to influence the tachycardia, and the electrogram from the RVOT occurs as a consequence of the tachycardia. Following the third ventricular extrastimulus (which is delivered after the onset of the third VT complex; i.e., surface ECG fusion), block occurs in the orthodromic direction, despite the presence of the orthodromically activated LV electrogram and the RVOT electrogram, which occur on time. Subsequent to the block in the orthodromic direction, conduction occurs antidromically in the circuit. On cessation of pacing, the tachycardia is no longer present. See text for discussion.



Modification of Factors Influencing Termination of Ventricular Tachycardia Most of the factors that influence the ability to terminate tachyarrhythmias can be modified by a variety of perturbations. These include refractoriness at the site of stimulation, the distance and/or time from the site of stimulation to the tachycardia site, and the tachycardia cycle length and excitable gap. The use of multiple stimuli can decrease refractoriness at the stimulation site and can alter the wavefront of recovery, thereby allowing impulses to reach the tachycardia site more readily. The goal of the modification of these factors is to allow a single or, at most, two extrastimuli to interact with the circuit, because the fewer extrastimuli used, the lower the incidence of acceleration. The use of increased current allows one to introduce more premature ventricular impulses by decreasing the measured local refractoriness. We evaluated the efficacy of the use of increased current in terminating VT ( 276). By increasing the current from twice threshold (usually 


FIG. 11-180. Facilitation of termination of VT by increased current. Leads 1, aVF, and V1 and electrograms from the RVA are shown (with T). VT is present at a CL of 390 msec. A. A premature stimulus is introduced from the RVA at a coupling interval of 250 msec using twice diastolic threshold stimulation (1 mA). B. Premature stimulus at twice threshold fails to capture the ventricle at a coupling interval of 240 msec. C. The stimulating current is increased to 5 mA, and the coupling interval is shortened in 10-msec decrements, with ventricular capture maintained at 220 msec. VT, however, is not terminated. D. A 210-msec stimulus fails to capture the ventricle at 5 mA. E. When the stimulus current is increased at 10 mA, ventricular capture is possible at a coupling interval of 210 msec and the tachycardia is terminated. (From: Waxman HL, Cain ME, Greenspan AM, Josephson ME. Termination of ventricular tachycardia with ventricular stimulation: Salutory effect of increased current strength. Circ 1982;65:800.)



FIG. 11-181. Facilitation of termination of tachycardia with increased current. VT is present at a cycle length of 440 msec. The stimulating current is shown in the upper left corner of each panel. Three ECG leads and an electrogram from the RVA are shown in each panel. A. A ventricular extrastimulus delivered at a coupling interval of 300 msec at twice diastolic threshold captures the ventricles but fails to terminate the tachycardia. B. At a coupling interval of 290 msec, ventricular refractoriness is encountered. C. When the current is increased to 5 mA, capture is possible at 250 msec, but termination does not occur. D. At 240 msec, ventricular refractoriness is again reached. E. Finally, when the current is increased at 10 mA, capture at 240 msec is possible and results in termination of the tachycardia. (From: Waxman HL, Cain ME, Greenspan AM, Josephson ME. Termination of ventricular tachycardia with ventricular stimulation: Salutory effect of increased current strength. Circ 1982;65:800.)



FIG. 11-182. Relationship of decrease in measured ventricular refractory period produced by increasing current to ability to terminate the tachycardia . The decrease in ventricular effective refractory period (VERP) when measured at twice threshold and 10 mA is plotted on the horizontal axis. The VERP was not measured in episodes of VT that were terminated but the change in refractory period up to that point is plotted. As much as 70 msec of shortening in the ERP was not associated with termination of VT, whereas in others, only 10 msec of shortening preceded termination. (From: Waxman HL, Cain ME, Greenspan AM, Josephson ME. Termination of ventricular tachycardia with ventricular stimulation: Salutory effect of increased current strength. Circ 1982;65:800.)



Changing the site of stimulation may modify the ability of a stimulated impulse to reach the tachycardia site in time to terminate it. Because the site of stimulation may influence the ability of single and double extrastimuli to reset a tachycardia, in such cases, changing the site should affect the ability to terminate VT. The resetting response curve from a tachycardia that was unable to be reset or terminated from the right ventricular outflow tract yet could be both reset and terminated by the right



ventricular apex is shown in Figure 11-183. Because most antitachycardia pacing is performed from the right ventricular apex, it is important to know whether stimulation at other sites will facilitate termination. Using single or double extrastimuli, this site specificity for termination may be demonstrated in 15% to 20% of cases. An example of triple extrastimuli from the right ventricular apex failing to terminate the tachycardia but a single ventricular extrastimulus from the outflow tract terminating the arrhythmia is shown in Figure 11-184. In a similar manner, single or double extra stimuli delivered from the left ventricle may terminate a tachycardia where comparable stimulation from the right ventricle failed ( Fig. 11-185 and Fig. 11-186). We have not been able to predict which tachycardias will demonstrate site specificity for facilitation of termination aside from noting the resetting responses (presence or absence and slope) described earlier. As stated previously, more than 40% of VTs will demonstrate different resetting responses when stimulation from the RV apex and RV outflow tract are compared, yet the incidence of site specificity for termination is less frequent. The lack of relationship between site specificity for resetting and termination may have to do with the relationship of the site of entry in the excitable gap and the site of termination.



FIG. 11-183. Site specificity for termination. The coupling intervals (Cl) of ventricular extrastimuli are shown on the horizontal axis, and the return cycle (RC) is shown on the vertical axis. Single extrastimuli (SE) as delivered from the RVOT produce no resetting. However, SE from the RVA produce resetting with a mixed curve, ultimately resulting in termination of the tachycardia (Ter). See text for discussion.



FIG. 11-184. Effect of site of stimulation on tachycardia termination. Stimulation from the RV apex and RV outflow tract are shown. Surface leads 1, 2, 3, V 1, and V6 are shown in each panel, with VT present on the left of each panel. On the top, three extrastimuli delivered from the right ventricular apex fail to terminate VT; however, a single ventricular extrastimulus delivered from the right ventricular outflow tract terminates the arrhythmia abruptly. Such site specificity favors reentry. See text for discussion. (From: Josephson ME, Marchlinski FE, Cassidy DM, et al. Sustained ventricular tachycardia in coronary artery disease Evidence for reentrant mechanism. In: Zipes DP, Jalife J, eds. Cardiac electrophysiology and arrhythmias. Orlando, FL: Grune & Stratton, 1985:409.)



FIG. 11-185. Facilitation of tachycardia termination by left ventricular stimulation. Leads 1, AVF, and V 1 are shown with electrograms from the RVA and LV. A. During VT with a cycle length of 410 msec, a single extrastimulus from the LV delivered at a coupling interval of 240 msec terminates the tachycardia. B and C. Single extrastimuli delivered at much closer coupling intervals (210 and 190 msec, respectively) from the RVA fail to terminate the tachycardia. D. Only when double extrastimuli are used is termination of the tachycardia accomplished by RVA stimulation.



FIG. 11-186. Effect of stimulation site on ability to terminate VT. A and B. ECG leads 1, 2, and V1 are shown with electrograms from the HBE, RVA, RVOT, and LVA recorded from electrodes 1 mm and 10 mm apart. A. Two ventricular extrastimuli from the LVA terminate VT. B. Two ventricular extrastimuli from the RVA do not terminate VT. No coupling intervals of RVA stimulation terminated VT.



Although the influence of stimulation site on termination of VT has been recognized for many years ( 1,91,92,151,152 and 153), it has never been taken into account when antitachycardia pacemakers are considered. Perhaps with the new active fixation pacing leads, knowledge of site specificity for termination can be taken advantage of. As stated earlier, site specificity for either resetting or termination is not a feature of triggered activity and further supports both reentrant excitation and the role of anisotropic conduction in the genesis of the arrhythmia.



Because tachycardia cycle length appears to be a major determinant of the ability to terminate the arrhythmia, prolongation of the cycle length by antiarrhythmic agents could theoretically facilitate termination. Unfortunately, the response is not predictable. Although slowing of VT is the rule in response to Class I agents or amiodarone (251,277,278 and 279), this does not necessarily facilitate termination. Although in 40% to 50% of tachycardias, facilitation of termination does occur following procainamide (Fig. 11-187), in up to 25% of patients, termination is more difficult ( Fig. 11-188) (248). Neither the plasma level of procainamide nor the prolongation of tachycardia cycle length could predict which tachycardia would be more difficult to terminate. In fact, we have noted an increased incidence of acceleration to polymorphic VT and VF when multiple extrastimuli and/or very rapid pacing is used in the presence of drugs that markedly slow conduction and prolong the tachycardia cycle length ( Table 11-14). These observations suggest that these drugs, while slowing the tachycardia and potentially increasing the excitable gap, and therefore, the window during which stimuli could interact with the circuit, also prolonged conduction between the stimulation site and the circuit. If this prolongation of conduction through intervening tissue is marked, termination of the tachycardia may be more difficult. Similarly if the excitable gap is large, more stimuli will be needed to encroach on the refractory period of the VT impulse. Finally, these drugs can produce block and slow conduction elsewhere in the heart, which may be responsible for initiation of multiple reentrant circuit and acceleration of VT in response to overdrive pacing.



FIG. 11-187. Facilitation of tachycardia termination by procainamide. Leads I, II, III, V 1, and V6 are shown of a patient with VT having a left bundle branch block configuration. In the basal state, three right ventricular extrastimuli (S 1S2S3) fail to terminate VT. The cycle length of VT in the basal state is 450 msec, and the QRS width is 190 msec. Following procainamide, the tachycardia is slowed to 560 msec and is associated with a QRS of 240 msec. This slower tachycardia is now readily terminated by a single right ventricular extrastimulus.



FIG. 11-188. Increased difficulty of termination of VT following procainamide. A–C. Leads 1, aVF, and V 1 and an electrogram from the RVA are shown. In a control state, VT with a CL of 350 msec is terminated by a single RVA stimulus. Following infusion of procainamide producing a plasma level of 13.1 mg/L, the tachycardia is slowed to 550 msec. However, this increases ventricular refractoriness. A and B. This results in the ability of single extrastimuli to depolarize the ventricles at coupling intervals 


Based on our understanding of resetting and entrainment, we developed a method that gives easier access to the excitable gap and facilitates termination, particularly of those tachycardias for which antiarrhythmic agents have made VT more difficult to terminate by standard and pacing techniques ( 259). This technique requires that the VT can be entrained by overdrive pacing and reset by single extrastimuli. Although neither single extrastimuli nor the paced cycle length of overdrive pacing used can terminate the arrhythmia, the combination does. The technique works because overdrive pacing ensures stable resetting of the VT circuit, allowing the single premature stimulus to interact with the circuit much more prematurely than it could in the absence of entrainment. The overdrive pacing also shortens the excitable gap of tissue in the reset circuit, making it possible for the single stimulus to terminate the VT. This technique results in termination without the need for multiple ventricular extrastimuli, which may increase the heterogeneity of conduction and refractoriness in the intervening tissue and produce polymorphic VT, or rapid pacing, which might induce acceleration of the tachycardia. We have found this method particularly useful in VTs that were accelerated by rapid pacing and especially in tachycardias that were resistant to standard techniques of pacing in the presence of antiarrhythmic agents ( 259). The mechanism of this method and examples of its effectiveness are shown in Figure 11-189, Figure 11-190 and Figure 11-191. This method of pacing, which takes advantage of our understanding of resetting phenomena, can be used to design an algorithm that can be employed in antitachycardia pacemakers. The risk of acceleration of tachycardias always exists whenever pacing modalities are used in an attempt to terminate VT, regardless of tachycardia cycle length or pacing modality. Therefore, if an antitachycardia pacemaker is to be used, a backup defibrillator is necessary. This is discussed further in Chapter 13.



FIG. 11-189. Mechanism of combination method for termination of VT. A–C. The assumed reentrant circuit is schematically shown as the circle. The long, thin arrow and adjacent enclosed area represent the activation wavefront and obligatory accompanying refractory period. A. A very early VES reaches the circuit but can produce block only in one direction and therefore resets the circuit. B. Rapid pacing is shown to reverse the wavefront of activation and refractoriness but still can only reset the tachycardia. C. With the combination method, the VT circuit is reset by pacing so that the premature stimulus reaches the circuit early enough to produce bidirectional block and terminate tachycardia. While the extrastimulus was delivered at the same coupling interval as in (A) it reaches the tachycardia circuit relatively earlier than in (A). In addition, the reset circuit has a smaller excitable gap by the degree of prematurity with which it was reset. (From: Gardner MJ, Waxman HL, Buxton AE, et al. Termination of ventricular tachycardia. Evaluation of a new pacing method. Am J Cardiol 1982;50:1338.)



FIG. 11-190. Combination method of terminating VT. A–C. Leads 1, aVF, and V1 are shown with electrograms from the RV and LV. A. During VT, single extrastimuli delivered at 210 and 200 msec reset the VT. B. Overdrive pacing at 300 msec produces continuous resetting (entrainment) of VT. C. The combination of overdrive pacing, which continuously resets the circuit, and the introduction of a premature stimulus terminates the tachycardia, where previously pacing alone or extrastimuli alone at the same cycle lengths and coupling intervals, respectively, failed to do so. See text for discussion.



FIG. 11-191. Combination method of terminating VT. A–D. Recordings of lead aVF and the RVA are shown. A. A single premature stimulus (S) fails to terminate VT. B. Overdrive ventricular pacing at a paced cycle length to 300 msec (S 1–S1) is also unsuccessful. C. Overdrive ventricular pacing at a paced cycle length of 250 msec results in acceleration of VT from a cycle length of 360 msec to 260 msec. (From: Gardner MJ, Waxman HL, Buxton AE, et al. Termination of ventricular tachycardia. Evaluation of a new pacing method. Am J Cardiol 1982;50:1338.)



Effect of Drugs on Ventricular Tachycardia Unfortunately, we do not have antiarrhythmic agents that are effective for a specific type of tachycardia mechanism. If we did, one could theoretically separate reentry from triggered activity, or automaticity, based on the response of the tachycardia to the drug and on the drug's ability to prevent the initialion of the tachycardia. In the case of VT, in contrast to atrial tachycardia, in which adenosine can terminate both reentrant and triggered rhythms, termination of the VT by adenosine appears fairly specific for adenyl cyclase mediated triggered activity due to delayed afterdepolarizations (DADs). Nevertheless, one can relate the effectiveness of a drug against VT in humans to the known effect of that drug on documented experimental arrhythmia mechanisms. For example, triggered activity, whether or not associated with digitalis intoxication, can be abolished by verapamil or lidocaine, and when triggered activity is catecholamine facilitated, it is also frequently abolished by beta blockers or vagal maneuvers ( 47,94,95,97,280). Adenosine is an agent that may abolish cyclic-AMP dependent triggered activity ( 129,230). Class 1A agents can also terminate triggered activity due to DADs in the presence or absence of digitalis. In such cases, triggered activity is also abolished by calcium blockers and/or beta blockers (94,95,280). Theoretically, under certain conditions, Class 1A agents may actually facilitate the appearance of DADs, perhaps by prolonging the action potentials, thereby allowing more calcium to enter the cell and in turn release more calcium from the sarcoplasmic reticulum ( 95). Abnormal automaticity can also be terminated by calcium and beta blockers ( 47,95). Thus, although drug action is not specific for an arrhythmia mechanism, the relationship of the triggered rhythms and abnormal automatic rhythms to intracellular calcium loading makes it apparent that such rhythms should respond favorably to calcium blockers and beta blockers. Thus, the fact that verapamil, beta blockers, or adenosine fail to terminate >95% of paroxysmal sustained monomorphic VT associated with coronary artery disease or cardiomyopathy ( 281) militates against triggered activity due to DADs, or for that matter, abnormal automaticity as the underlying mechanism in those cases (Fig. 11-192). Because of hypotension secondary to intravenous verapamil, reflex catecholamine release can occur and potentially counteract the drug's effectiveness, one must ensure the absence of reflex catecholamine antagonism to verapamil as a cause of failure of this agent to influence the tachycardia. This can be done by demonstrating a slowing of the sinus rate and absence of hypotension during administration of the agent (see slowed atrial rate in Fig. 11-192). Occasionally, recurrent monomorphic sustained VT in patients with normal hearts with RBBB and left axis deviation morphology can be terminated by verapamil (129,135,136,137,138,139 and 140). This by no means signifies that this rhythm is due to triggered activity. This arrhythmia cannot be terminated by beta blockers, vagal maneuvers, or adenosine. Many other features of this particular tachycardia support reentry, including an inverse relationship of a coupling interval of the extrastimuli inducing the arrhythmia and the onset of the tachycardia, the ability of a variety of Class I agents to also terminate the arrhythmia, and importantly, the ability of VPCs or overdrive stimulation to reset and/or entrain the VT with fusion.



FIG. 11-192. Effect of verapamil on sustained VT. Leads 1, 3, and V 1 and a HRA electrogram are shown in the control state and after verapamil. During the control state, VT demonstrates a left bundle branch block pattern and is present with a cycle length of 320 msec, and sinus rhythm is shown associated at a cycle length of 810 msec Following verapamil, VT is unaffected, while the sinus cycle length has increased to 1100 msec. See text for discussion. (From: Josephson ME, Marchlinski FE, Cassidy DM, et al. Sustained ventricular tachycardia in coronary artery disease Evidence for reentrant mechanism. In: Zipes DP, Jalife J, eds. Cardiac electrophysiology and arrhythmias. Orlando, FL: Grune & Stratton, 1985:409.)



In contrast, Class 1 agents are the most uniformly successful drugs in prolonging the tachycardia cycle length or terminating sustained monomorphic VT ( Fig. 11-193) (see Chap. 12) (277,278 and 279,281,282,283,284,285 and 286). Marchlinski et al. (278,279) have also demonstrated a direct relationship between slowing of the tachycardia cycle length and prolongation of the QRS, thereby suggesting a relationship of a slowing of these tachycardias to slowing of conduction. Such a relationship would not be expected if other mechanisms were operative. We have further demonstrated that the prolongation of VT cycle length is due to slowing conduction within the reentrant circuit by demonstrating a persistent flat portion of the excitable gap during procainamide-induced slowing of VT ( 287). As noted by Schmitt et al. (92) procainamide produces a prolongation of the abnormal electrograms recorded from the tachycardia sites of origin without any effect of lidocaine on



these electrograms, which suggests that tissues responsible for the tachycardia have normal action potential characteristics.



FIG. 11-193. Response of VT to procainamide. Leads 1, 2, and V1 are shown during VT in the control state and following procainamide. In the control state, the cycle length of the tachycardia is 300 msec. Following procainamide, the tachycardia slows and then terminates.



As noted earlier in the chapter, Class 1 agents can also facilitate the induction of sustained monomorphic VT in patients in whom it cannot be induced by routine stimulation (see Fig. 11-35), and these agents can occasionally produce sustained monomorphic VT in patients with coronary disease who present with nonsustained tachycardia spontaneously. Whenever monomorphic sustained VTs were slowed by Class 1 agents, the interval to the onset of the tachycardia was prolonged. Moreover, Horowitz et al. (130) and Buxton et al. (131,288) have demonstrated conversion of polymorphic tachycardia to a uniform tachycardia by Class 1 agents ( Fig. 11-101,Fig. 11-102 and Fig. 11-103, and Fig. 11-194). This response of polymorphic VT to procainamide occurs almost exclusively in patients with coronary artery disease and prior myocardial infarction. These patients can be distinguished from those in whom polymorphic VT cannot be made uniform by the presence of conduction abnormalities (i.e., fragmented electrograms) during sinus rhythm mapping or an abnormal signal-averaged ECG. I believe that the transformation of polymorphic VT to uniform, monomorphic VT by Class 1 agents may identify patients in whom induction of polymorphic VT may be a manifestation of an underlying arrhythmogenic substrate and not an artifact of stimulation.



FIG. 11-194. Change of nonsustained polymorphic VT to uniform nonsustained VT following procainamide. In the control state, triple extrastimuli delivered from the RVOT produce a nonsustained polymorphic VT. Following procainamide, triple extrastimuli from the RVOT produce a uniform nonsustained VT of longer duration. See text for discussion.



Buxton et al. (289), evaluating the electropharmacology of nonsustained VT associated with coronary artery disease, demonstrated that neither verapamil nor propranolol prevented or altered the mode of induction of VT by premature stimulation, nor did they slow the rate of the induced tachycardias. Occasionally, verapamil shortened the cycle length and prolonged the duration of the tachycardias ( Fig. 11-195). Class 1 agents either abolished the tachycardias or slowed them ( Fig. 11-193 and Fig. 11-194). In nonsustained arrhythmias induced by isoproterenol (i.e., those due to triggered activity secondary to DADs), propranolol was extremely effective (289). These latter VTs are, for the most part, monomorphic tachycardias that can present as either sustained or nonsustained arrhythmias, originate from the right ventricular outflow tract, and are catecholamine sensitive (see Fig. 11-52, Fig. 11-110, Fig. 11-113, and Fig. 11-114) (129,135,226,227). Less commonly, similar VTs arise from the LV outflow tract. An example of such a patient with exercise-related, nonsustained, isoproterenol-induced nonsustained RV outflow tract VT, and abolition of the tachycardia by beta-blockers is shown in Figure 11-196. The induction of this arrhythmia by rapid pacing and/or by isoproterenol, and not extrastimuli, as well as its ability to be terminated by beta-blockers, support triggered activity due to DADs as the underlying mechanism of this particular subgroup of patients. As stated earlier, adenosine and vagal maneuvers can also terminate such arrhythmias ( Figure 11-196).



FIG. 11-195. Effect of verapamil and isoproterenol on polymorphic nonsustained VT. In the control state, double extrastimuli initiate a polymorphic VT. Following verapamil using similar coupling intervals, polymorphic tachycardia is induced, which degenerates to sustained polymorphic VT, which degenerates to VF. Isoproterenol, on the other hand, has no significant effect on the induction or duration of polymorphic VT.



FIG. 11-196. Termination of catecholamine mediated idiopathic right ventricular outflow tract VT by beta blockers, carotid sinus pressure, and adenosine. See text for



discussion.



Class 1 agents may occasionally produce incessant sustained uniform VT in patients who before therapy only had paroxysmal events. This phenomena, which is almost always associated with a slower tachycardia and prolongation of conduction by the agent, would not be expected if the mechanism were triggered activity. In addition, as noted earlier, facilitation of induction of arrhythmias particularly when associated with long pauses between the extrastimulus inducing the arrhythmia and the onset of the arrhythmia is most consistent with reentry. In summary, although antiarrhythmic agents are not mechanism specific, the pattern of response of VT to these drugs can provide indirect evidence favoring one mechanism. Thus, the response of sustained uniform VT, nonsustained uniform or polymorphic VT, or even polymorphic VT/VF in the setting of coronary artery disease to antiarrhythmic agents is still most consistent with a reentrant mechanism. Only patients with repetitive monomorphic tachycardia, whose initiation (i.e., rapid pacing, catecholamines) is also consistent with triggered activity, respond to antiarrhythmic agents in a manner comparable to triggered rhythms that are due to DADs. Localization of the Site of Origin of Ventricular Tachycardia The ability to localize the “site of origin” of VT is of great clinical importance when catheter or surgical ablative procedures are contemplated (124,290,291,292,293,294,295,296,297,298,299,300,301,302 and 303). For the purpose of simplicity, I shall define the “site of origin” of VT as the source of electrical activity producing the VT QRS. While this is a discrete site of impulse formation in automatic and triggered rhythms, during a reentrant VT it represents the exit site from the diastolic pathway to the myocardium giving rise to the QRS. Catheter mapping is mandatory for catheter ablative techniques and is an integral component of any surgical procedure directed at VT local resection. While currently the catheter mapping is essentially an endocardial procedure, there is increasing interest in the possibility of epicardial mapping. The role of epicardial mapping is not yet established, but it may be useful in circumstances in which VTs either arise at or have critical components located in the epi- or subepicardium ( 59,304,305). This may become an important technique for the ablation of VTs associated with certain cardiomyopathies (304,305). The ablative procedures and associated studies are discussed in more detail in Chapter 14. In addition to its clinical utility, mapping provides information about the mechanism of the tachycardia. This is particularly true if reentrant excitation can be demonstrated. The demonstration of a complete reentrant circuit has been nearly impossible in the catheterization laboratory using standard catheters and point-by-point mapping and, in the past, required detailed intraoperative mapping ( 42,273,274,293,296,297 and 298). Recent technological advances in mapping allowing acquisition of multiple simultaneous sites can provide a great deal of activation mapping information on a single beat. The noncontact mapping system (Endocardial Solutions, Inc.) can display several thousand mathematically derived electrograms using the inverse solution ( 306,307 and 308). These electrograms correlate well with those recorded simultaneously by direct contact. Currently the system is cumbersome and expensive. Future enhancements to ascertain stability of the intracavitary balloon and facilitate more uniformly accurate spatial localization of the electrogram and separate ablation catheter may make this system the standard for mapping and ablating unstable rhythms. With the current system, despite the ability to display several thousand derived electrograms, complete reentrant circuits cannot be seen in the majority of patients. This suggests that part of the circuit is intramural or deeper. Occasionally, detailed mapping using the Carto sytstem (Biosense, Inc.) has demonstrated reentrant excitation. There are, however, observations, using standard catheters and recording equipment that suggest reentry. These include mapping a diastolic pathway or demonstrating diastolic bridging or continuous electrical activity, which is requisite to maintain the tachycardia (1,39,40,155,158,291). Analysis of the response of electrograms to programmed stimulation helps demonstrate the requirement of the recorded electrical signal for the genesis of the arrhythmia and can distinguish between early or late electrograms ( 1,91,124,241,242,245,299,300,301,302 and 303). When activation mapping of the tachycardia per se cannot be accomplished, indirect methods of tachycardia localization can be employed (e.g., sinus rhythm mapping, pace mapping, and analysis of the 12-lead ECG) and may be helpful in making clinical decisions ( 8,9,27,28,29,30,31,32,33 and 34,309,310,311,312,313 and 314). These latter techniques, however, provide little information regarding mechanism, although as noted earlier in the chapter, sinus rhythm mapping can define abnormalities that correlate with a substrate conducive to reentry (27,28,29,30,31,32,33 and 34). General Methods of Catheter Mapping Activation mapping of VT requires either the presence of the arrhythmia at the time of the procedure or that it can be initiated. Optimally, the patient should be hemodynamically stable during the tachycardia so that the map may be completed. If a sustained arrhythmia is hemodynamically unstable, mapping can still be accomplished by starting and stopping the tachycardia after data acquisition at each site. In unusual circumstances an intraaortic balloon pump can provide the hemodynamic stability required to map the VT. More often, rapid tachycardias that are poorly tolerated can be slowed by antiarrhythmic agents to allow for mapping. Slowing of the tachycardia is also useful to distinguish between electrical systole and diastole when confusion is present during the rapid untreated VT. The administration of an antiarrhythmic agent does not alter the sequence of activation despite slowing of the tachycardia and widening of the QRS morphology. While the electrogram at the “site of origin” may widen, its relationship to the onset of the QRS remains unchanged ( 315). Development of newer technologies, such as the basket catheter (circumferential splines with multiple electrodes on each spline) and noncontact mapping (mathmatical derivation of thousands of electrograms based on the inverse solution) ( 306) can provide activation mapping data of nonsustained or unstable arrhythmias. Coupled with the ability to provide precise anatomic localization, these technologies are critical to developing ablative techniques for transient or hemodynamically unstable VT. If more than one morphologically distinct tachycardia is induced, it should also be completely mapped. Obviously, the development of these multisite data acquisition systems may make analysis of multiple morphologically distinct VT, particularly those that constantly change, possible. A schema of the left ventricle, which we use for mapping, has been previously shown in Figure 11-14 and Figure 11-197. Because VT can arise from either ventricle, a schema of both ventricles is used ( Fig. 11-197).



FIG. 11-197. Schema of mapping sites in the right and left ventricles. Sites 1 through 12 are segments of the LV and 13 through 17 are segments of the RV.



Using standard equipment, 15 to 20 regions are mapped during VT. The numbered sites in Figure 11-197 represent segmental areas of the heart of approximately 5 to 10 cm2. Mapping is also performed in subdivisions of these standard sites. The number of sites mapped depends on the goals of mapping. For example, a map to define abnormalities of activation during sinus rhythm usually requires 80 to 200 sites taken using a point-to-point. Use of the Carto system for this endeavor provides information about electrogram amplitude (voltage map), activation time, and allows for the creation of electrogram duration and late potential maps. The basket catheter can record 64 simultaneous electrograms. While software is becoming available to provide activation maps, voltage, duration, and late potential maps are not possible. Similarly, while the noncontact mapping system can provide thousands of electrograms and an activation map, no voltage, duration, or late potential maps are possible. To map a single monomorphic VT, a more focused map is possible. The number of sites mapped is based on the investigator's ability to regionalize the mapping sites of interest from the morphology of the VT on the ECG. Usually less than 20 mapping points are required. For most of the remainder of this discussion I shall describe data gathered by point-by-point mapping with a roving catheter. Unless some form of more accurate localization is available, each position must be verified with fluoroscopy in multiple planes. Currently only the Carto system is widely used for electroanatomic mapping. At least six consecutive stable electrograms from each site are recorded. The validity of the mapping technique depends on stability, reproducibility, and verification of catheter position for each site; thus, the activation time at each site should have a beat-to-beat variation of 


back to any desired site is facilitated by the three-dimensional guidance provided by the system. Any acquired electrogram can provide a target that will be within 1 mm of the position displayed by the system. A skillful operator is needed to maneuver the catheter precisely back to the target site provided by the system. A complete left ventricular map of a single VT that is due to coronary disease usually takes 1 cm apart) is inappropriate, because one has no control over the degree of contact of the proximal electrode pairs and/or their distance from the ventricular wall. This can lead to very inaccurate recordings and misinterpretation of the data. The only accurate data are from electrograms recorded from electrodes in contact with the endocardium. One should therefore use only electrograms recorded from a bipolar pair that includes the tip electrode, because it is almost always in contact with the endocardium. A proximal electrode pair is useful for analyzing events during pacing since polarization of the distal electrodes makes simultaneous recording and pacing not possible in most available lab systems. Contact is critical when a standard quadripolar or basket catheters are used. The degree of contact can be assessed by pacing thresholds or impedance measurements at each electrode pair. The noncontact mapping system (Endocardial solutions, Inc. [ESI]) generates mathmatically derived electrograms and places them on an LV or RV chamber defined by a second, roving catheter which is dragged along the ventricular walls. This “chamber” is limited by the absence of direct confirmation of contact of the roving catheter. The electrical/anatomic accuracy (i.e., the relationship of the electrogram and the 3-dimensinsional site from which it was truly generated) is further limited by the distance of the noncontact electrode from the ventricular wall and movement of the noncontact probe following generation of the electrograms due to “bumping” by the roving catheter. Newer technology is being incorporated into this system, which has improved and will continue to improve its anatomic localizing capability. Either unfiltered or filtered unipolar and filtered bipolar electrograms are used; however, we prefer filtered electrograms in scar-related VTs. The advantages of unipolar electrograms are that they provide a more precise measure of local activation, because the maximum negative dV/dt corresponds to the maximum Na + conductance. They also provide information about the direction of impulse propagation. The disadvantages of unipolar recordings are that they have a poor signal/noise ratio and distant activity can be difficult to separate from local activity. This is particularly true when recording from areas of prior infarct. In such instances, QS potentials are ubiquitous, and it is often impossible to select a rapid negative dV/dt when the entire negative QS potential is slowly inscribed (i.e., cavity potential). On the other hand, bipolar recording techniques provide an improved signal/noise ratio and reduce the effect of distant activity on the local electrogram. While local activation is less precisely defined, the peak amplitude of a filtered (10–40 to £300 Hz) bipolar recording of a “normal” electrogram corresponds to the maximum negative dV/dt of the unipolar recording. The Carto system (Biosense, Cordis-Webster) uses bipolar recordings filtered at 10 to 300 Hz to define bipolar voltage; the same filter setting is used for activation mapping. The signals are similar (but not identical) to those obtained with standard 30–40 to £400 Hz filtering. Although a bipolar electrode pair, positioned perpendicular to the direction of propagation of the wavefront, should theoretically result in absence of an electrical signal, this is rarely a problem. Nevertheless, the electrogram amplitude may be diminished when propagation is relatively perpendicular to the recording electrodes. One therefore cannot obtain directional information from an isolated bipolar electrogram. Filtering is useful to eliminate noise and distant activity. Defining the site of origin (or exit from a protected isthmus in a reentrant circuit) and the overall pattern of activation of impulse propagation requires detailed recordings from multiple sites. Despite the limitations of bipolar recordings, we prefer them in scar-related VTs because extraneous noise is removed, and with appropriate filtering, the high-frequency components are more accurately seen. However, as stated above, unfiltered unipolar recordings are extremely useful in mapping VT in patients with normal hearts. Filtered or unfiltered unipolar recordings are valuable in determining the relative contributions of the distal and second pole of the bipolar pair. Clear demonstration that the distal pole is earliest is necessary to assure the highest success of ablation (see Chap. 13). Several factors affect electrogram amplitude and width, including (a) conduction velocity (the greater the velocity the higher the peak amplitude of the filtered bipolar electrogram); (b) the mass of activated tissue; (c) the distance between the electrode and the propagating wavefront; (d) the direction of the propagation relative to the bipoles; (e) the interelectrode distance; (f) the electrode surface areas; (g) the amplifier gain; and (h) other signal-processing techniques that may introduce artifacts. The fact that most catheters used for mapping have a 4-mm ablation tip results in inherent limitations of accuracy, even for unipolar recordings. Similar unipolar electrograms can be recorded over an area of »1 cm 2. This takes away some of the theoretical advantages of unipolar over bipolar recordings. Acquisition and Interpretation of Activation Mapping During Ventricular Tachycardia The “site of origin” of a tachycardia is determined by locating the earliest recorded discrete or fractionated ventricular electrogram. We have arbitrarily defined mid-diastole as the earliest point, recognizing that if a reentrant arrhythmia is present, activity should be recorded throughout diastole. Thus, while the earliest presystolic electrogram closest to mid-diastole is the most commonly used definition for the “site of origin,” continuous diastolic activity and/or bridging of diastole at adjacent sites or mapping a discrete diastolic pathway would be most compatible with recording from a reentrant circuit.



In reentrant VT associated with coronary artery disease, the earliest presystolic electrogram is invariably abnormal and frequently fractionated and/or split, regardless of the QRS morphology of the VT or the location of the site of origin ( Fig. 11-198). In VT associated with coronary artery disease, a “normal” presystolic bipolar electrogram (acquired with a 5-mm interelectrode distance, filtered at 30–40 to £400 Hz, amplitude >3 mV, duration 


FIG. 11-198. Endocardial map during VT with a right bundle branch block pattern. Leads 1, a VF, and V1 are shown with electrograms from the RVA, RVOT, and multiple left ventricular endocardial recording sites. Site 2 is the earliest site. A fragmented electrogram begins at mid-diastole 110 msec before the onset of the QRS and ends prior to the QRS. The middiastolic and presystolic activity is focal and spreads through the remainder of the ventricles. Note that sites 5, 7, and 9 also demonstrate presystolic activity but the activation times at these sites are significantly later than site 2. The electrogram at site 2 is markedly abnormal, with multiple components of low amplitude and long duration. See text for discussion.



As stated above, in the setting of VT due to prior infarction, unfiltered unipolar recordings have not been useful in helping to demonstrate that a presystolic site is the “earliest.” This is shown in Figure 11-199, in which electrical activity is recorded 90 msec before the onset of the QRS at site inferior-2 in the bipolar recording. The unipolar recording at that site shows a slow-moving negative intrinsicoid deflection, which occurs well after the onset of the bipolar signal. It is extremely difficult to define the most rapid negative deflection in a unipolar recording in which the negative components of the electrogram are slowly inscribed and/or reflect a cavity potential. This is particularly true when the electrical signal is recorded from a large aneurysm. Magnification of unipolar signals to look for discrete potentials is difficult due to amplifier saturation, offset problems, and swamping of these tiny signals by irrelevant waveforms. Filtering unipolar signals eliminates far field signals, but the signals are so small there is often a problem with signal to noise ratio. Activation times are therefore taken using the filtered bipolar electrogram.



FIG. 11-199. Comparison of unipolar and bipolar electrograms during map of left bundle branch block tachycardia . VT with left bundle branch block left axis deviation in a patient with an anteroseptal infarction is shown. Leads 1, 2, and V 1 are shown along with a reference electrogram from the RVA. Uni-and bipolar signals are recorded from multiple left ventricular sites. The earliest site is at the interior left ventricular septum at site 2. Electrical activity begins near mid-diastole, 90 msec before the QRS. Note that at this site there is no rapid negative deflection in the unipolar electrogram and all negative dV/dts are seen well after the onset of electrical activity in the bipolar electrogram. Many of the unipolar electrograms exhibit QS complexes with slow, negative deflections. These QS complexes most likely represent cavity potentials. See text for discussion.



In my opinion, the activation time that is most meaningful, reproducible, and interpretable in VT associated with coronary artery disease is taken from the onset of the bipolar electrogram as it leaves the baseline. We use these low-amplitude high-frequency signals because these events appear to represent local activity recorded from the bipolar pair (30,40,46). Use of the peak deflection or the point where the most rapid deflection crosses the baseline is of less value in multicomponent, fractionated electrograms than the onset of the electrogram. Since in coronary disease, the vast majority of early sites are abnormal and have multiple components, we use the onset of the electrogram for activation time. Each peak deflection could also be measured because each represents a “local” activation, but for practical purposes, because the bipolar electrogram gives little directional information, the onset is all that is required, particularly in view of the fact that all of the components are generated from the same small area (40,46). For simplicity's sake, all signals whose maximum amplitude is below 50 µV are considered no local activity. The electrograms in VTs associated with normal hearts, paricularly those due to triggered activity or enhanced automaticity, are usually normal at the earliest site, and there is little difference whether the onset, the peak deflection, or the point where the peak deflection crosses at the baseline is used (see following discussion). The earliest electrogram in VTs associated with prior infarction not infrequently has a diastolic and a systolic component separated by an isoelectric interval ( Fig. 11-200). Adjacent sites may show presystolic activity that is later than the isolated mid-diastolic component. Sometimes these discrete potentials provide information that defines a diastolic pathway, which is believed to be generated from a narrow isthmus of conduction critical to the reentrant circuit. Localization of this pathway is critical for guiding catheter-based ablation. An example is shown in Figure 11-201, where, 153 msec before the QRS, a mid-diastolic potential occurs at LV site 8. Activation seems to proceed toward the adjacent site 6, then to site 5, suggesting that the area of protected diastolic conduction is 2 to 3 cm in length. More detailed mapping and response to pacing are necessary to more precisely define the exact pathway of activation during the tachycardia and to prove that these and/or other diastolic sites are requisite components of a reentrant circuit. Occasionally complete reentrant circuits can be recorded. This may appear as a figure of eight or single loop reentry (Fig. 11-202 and Fig. 11-203). Mid-diastolic sites can be very focal and part of a reentrant pathway ( Fig. 11-204) or may be part of a larger area of abnormal, slow conduction unrelated to the VT reentrant circuit (i.e., a dead-end pathway). Unfiltered unipolar electrograms are also inadequate in this situation; the electrical signals in mid-diastole are too small because they are generated by only a few fibers. This results in absence of deflections on the unfiltered unipolar electrogram at the site of bipolar mid-diastolic potentials, again pointing out how limited the use of unfiltered unipolar recordings is in this particular situation ( Fig. 11-204). Filtering the unipolar signal, particularly if the ground electrode is in the inferior vena cava, gives reasonably clean signals that help define the relative components of the distal bipole. The signal, however, is often of very low amplitude. As noted earlier, filtered and unfiltered unipolar electrograms are particularly useful in mapping automatic and triggered VTs, particularly in normal hearts ( Fig. 11-205). However, the large distal tip electrode (4 mm) records similar complexes over an area of »1 cm2. Thus, the advantage of unipolar versus bipolar recordings (2 mm interelectrode distance) is diminished.



FIG. 11-200. Endocardial catheter map of VT demonstrating discrete mid-diastolic and systolic activity at the “site of origin.” VT with right bundle branch block right superior axis is shown along with electrograms from multiple left ventricular sites and a reference electrogram from the RVA. The earliest activity is recorded at LV 2, where a discrete mid-diastolic component is observed along with a systolic component. The mid-diastolic component is 106 msec before the onset of the ORS. No presystolic activity is observed.



FIG. 11-201. Endocardial catheter map with multiple sites of marked presystolie activity suggestive of recording a diastolic pathway in the reentrant circuit. Leads 1, aVF, and V1 are shown with electrograms from the AVJ, RVOT, RVA, and several left ventricular sites. The earliest site of activation is at LV 8, where a discrete mid-diastolic potential is seen 153 msec before the QRS. Presystolic activity is also observed at adjacent sites LV 6 and LV 5, suggesting activation of a diastolic pathway from LV 8 to LV 6 and LV 5. See text for discussion.



FIG. 11-202. Recording of a rentrant circuit during VT associated with coronary artery disease. Activation map of VT using the Carto system in a patient with an inferoposterior infarction. VT arose from the inferolateral wall. The activation map is displayed in the posterolateral view. The VT circuit is demonstrated by analyzing the colored isochrones that display “earliest” activitiy in red, with sequential activation through yellow, green, blue, purple, and magenta (“latest” activation). Color scale is shown on the right. The gray zone is the region at “earliest” and “latest” activation abut. (See Color Fig. 11-202 .)



FIG. 11-203. Recording of a reentrant circuit during VT associated with arrhythmogenic right ventricular dysplasia. Activation mapping of VT in the right ventricle is shown by analyzing the colored isochrones that display “earliest” activitiy in red, with sequential activation through yellow, green, blue, purple, and magenta (“latest” activation). A figure-of-eight pattern is shown. The tricuspid valve on the left forms an anatomic barrier for the circuit. (See Color Fig. 11-203 .)



FIG. 11-204. Failure of unipolar electrograms to record mid-diastolic potentials. VT with a right bundle branch block inferior axis is seen. A reference electrogram from the RVA is shown with multiple unipolar and bipolar signals from the left ventricle. The earliest activity is recorded at left ventricular site 3–11. The mid-diastolic potential clearly observed in the bipolar electrogram ( arrow) has no counterpart in the unipolar recording. In fact, no discrete diastolic intrinsicoid deflection can be observed in the unipolar recordings.



FIG. 11-205. Value of unfiltered unipolar recordings for mapping VT in a patient with a normal ventricle. Leads 2, 3, and V 1 are shown with bipolar recordings from the RVA. RV Septum (RVS) and RVOT. A unipolar recording from the earliest bipolar site in the RVOT (RVOT uni) shows a QS ablation at this site was successful.



Continuous Activity and Diastolic Bridging Continuous diastolic activity can be recorded in 5% to 10% of VTs associated with coronary artery disease with detailed mapping using standard equipment ( Fig. 11-206). Even when continuous diastolic activity is recorded on a single electrogram, substantial data exist demonstrating that this electrical pattern is not an artifact but reflects very slow, saltatory conduction through poorly coupled fibers ( 39,40,46). One must demonstrate that such electrical activity is required for initiation and maintenance of the VT to suggest that this represents recording from a reentrant circuit ( 39,40,155). One must also demonstrate that an electrogram that extends through diastole is not just a broad electrogram whose duration equals the tachycardia cycle length. This can be done by analyzing the local electrogram during pacing at the tachycardia cycle length. If pacing produces a “continuous” diastolic electrogram in the absence of VT, the continuous electrogram has no mechanistic significance. Such activity should also be recorded only from a circumscribed area. This is discussed in more detail earlier (see Fig. 11-66, Fig. 11-67, Fig. 11-68 and Fig. 11-69). Continuous activity invariably occurs at sites that demonstrate markedly abnormal electrograms during sinus rhythm. If one uses the first and third and second and fourth electrodes as two bipolar pairs to record overlapping areas, in many instances both show continuous activity, but accentuation of different components will be observed in the two recordings ( Fig. 11-207). As stated earlier in the chapter, if continuous activity is meaningful, termination of continuous activity must result in termination of the tachycardia.



FIG. 11-206. Electrogram during NSR and VT. An electrogram just inside the LV-An demonstrates continuous electrical activity during sustained VT ( right). Small inverted arrows mark low repetitive electrical activations during the tachycardia During NSR ( left), this electrogram is markedly abnormal. It is 500 mV in amplitude, 100 msec in duration, and extends beyond the end of the surface ECG.



FIG. 11-207. Ability to record late potentials and continuous electrical activity with overlapping bipolar electrodes. A and B. Leads 1, 2, 3, and V1 are shown with electrograms from the RVA and RVOT and recordings from LV site 8 from electrodes 1–3 and 2–4. A. During sinus rhythm, a late potential is observed. Note the similar timing of both bipolar recordings. B. During VT, continuous electrical activity is observed in both electrode pairs. However, different components are exaggerated in the two bipolar pairs.



The ability to record continuous activity depends on the spatial and geometric arrangement of the involved tissue as well as the position of the catheter and the interelectrode distance. Thus, continuous activity is only likely to be recorded if the bipolar pair records a small circuit. If the circuit is too large to record from the bipolar pair, nonholodiastolic activity will be recorded. In VT in which nonholodiastolic activity is recorded at a “site of origin,” repositioning of the catheter to adjacent sites may allow visualization of “bridging” of diastole. An example of this is shown in Figure 11-208, in which a catheter at site 11 records near holodiastolic activity that is most apparent as mid-diastolic activity continuing into systole. At a site less than 1 cm away, electrical activity is more clearly observed in the early half of diastole. Thus, electrical activity in these adjacent sites spans diastole. We believe that such activity represents a recording within a critical area of a reentrant circuit. All areas from which diastolic activity are recorded are not necessarily part of a reentrant circuit. Such sites may reflect late activation and may not be related to the VT site of origin. Analysis of the response of these electrograms to spontaneous or induced changes in cycle length are critical in deciding their relationship to the VT mechanism.



FIG. 11-208. Endocardial map during VT demonstrating bridging of diastole at adjacent left ventricular sites. A schema of the LV is shown along with recordings from LV site 11 and adjacent site 9–11, which is 


Role of Programmed Stimulation in Identifying the Critical Sites in a Reentrant Circuit As noted previously, presystolic activity may represent late activity or activity unrelated to a reentrant circuit or tachycardia mechanism. The ideal map therefore would require the demonstration that such electrograms are critically related to the reentrant circuit. Some investigators suggest that the appearance of such presystolic electrograms at the initiation of a tachycardia suggests their relevance to the tachycardia mechanism ( 301). I disagree; this finding may be necessary but not sufficient to assume significance. Regardless of where in diastole the electrogram occurs early, mid, or late its position on initiation does not confirm its importance for the tachycardia mechanism. As stated in the discussion of continuous activity ( 39,40,155), one must also show that the electrogram is required to maintain the tachycardia. Thus, during either spontaneous alterations in the tachycardia cycle length or those produced by extrastimuli or pacing, the electrogram (regardless of its position in diastole) should show a fixed relationship to the subsequent QRS ( 241,242,243,244 and 245,316). An example of spontaneous oscillations during which the early presystolic electrogram remains fixed in timing to the subsequent QRS is shown in Figure 11-209. Resetting of VT with persistent relationship of multiple presystolic electrograms to the subsequent QRS is shown in Figure 11-210. The mechanism by which overdrive pacing can distinguish early sites from late dead-end pathways depends on this physiologic response and is shown in Figure 11-211. Many other examples of this behavior in response to single and/or double extrastimuli delivered from various right ventricular sites or during overdrive pacing have been shown earlier in the chapter (see Fig. 11-129, Fig. 11-131, Fig. 11-135, Fig. 11-147, Fig. 11-148, Fig. 11-152, Fig. 11-156, and Fig. 11-161). This relationship assumes that delay between the electrogram and the exit is not a cause of changes in VT cycle length. Very early diastolic potentials (i.e., in the first half of diastole) may represent an area of slow conduction at the entrance to a protected isthmus. In such instances the early diastolic potential will remain fixed to the prior QRS (exit site from the isthmus) and delay between it and the subsequent QRS would reflect delay entering or propagating through the protected diastolic pathway. This phenomenon is a very uncommon response of presystolic electrograms occurring at mid-diasole or later to pacing at rates slightly faster than the VT in VTs associated with prior infarction, but has recently been described in idiopathic, verapamil sensative VT (see below). Theoretically, such electrical activity may also arise from tissue between the site of impulse formation (the reentrant circuit) and the muscle mass that gives rise to the surface ECG. This response is also uncommon. Understanding these phenomena is critical to defining sites for successful catheter ablation in order to limit the size of the ablative lesion so that only small areas of myocardium are injured or destroyed. Thus, further refinements of mapping techniques have been suggested to define a so-called critical zone of diastolic conduction, which would define sites for successful ablation ( 124,297,298,299,300,301,302 and 303,316).



FIG. 11-209. Effect of spontaneous oscillations on relationship between presystolic electrogram activated orthodromically by the VT wavefront and onset of QRS. Leads 1, 2, 3, and V 5R are shown along with a reference electrogram from the RV and an electrogram from a roving probe. A vertical dotted line from the RV electrogram is included for analysis of the relationship between the onset of the site of origin and the RV electrogram. Note the marked oscillations in VT cycle length during VT. Despite these marked variations in cycle length, the relationship of the onset of the orthodromically activated mid-diastolic electrogram, proximal to the site of exit from the circuit, to the RV electrogram and QRS remains fixed. This is one of the criteria to distinguish an early from a late electrogram. See text for discussion.



FIG. 11-210. Use of programmed stimulation to demonstrate that a presystolic electrogram is early . Surface leads 1, avR, and V 1 are shown during VT with a reference electrogram from the RV and an electrogram from the site of origin of LV site 4–6. VT has a CL of 470 msec. At LV 4–6, two presystolic signals are recorded. A smaller mid-diastolic potential is observed 156 msec before the onset of the QRS, and a larger signal is recorded 92 msec before the onset of the QRS. During VT, right ventricular stimuli are delivered at coupling intervals of (A) 340 and (B) 320 msec. Both result in resetting of the tachycardia. The return cycle following each extrastimulus demonstrates a consistent relationship of both presystolic components of LV 4–6 to the onset of the ORS. This confirms that it is an early site, not a dead-end late pathway. See text for discussion.



FIG. 11-211. Distinguishing a late electrogram unrelated to the tachycardia circuit from a presystolic electrogram that is a component of the reentrant circuit. A late unrelated electrogram (top) and a presystolic electrogram related to the circuit ( bottom) are shown schematically on the left. On the right are an ECG and a presystolic electrogram as well as ladder diagrams demonstrating the position of the electrogram during the tachycardia and following pacing, which is associated with resetting. In each of the panels, there is a region of the intervening ventricular myocardium and a VT circuit. Exit from the ventricular myocardium is shown by upward arrows, and an entrance into the circuit from the pacing site is shown by diagonal inferiorly directed arrow. During the tachycardia, an unrelated electrogram or an electrogram within the circuit can have the same relationship (X) to the onset of the VT QRS complex. Following pacing, however, the unrelated dead-end pathway is associated with the pacing stimulus and on cessation of pacing will have a different relationship to the onset of the return cycle QRS (i.e., the interval between the electrogram at the unrelated site to the QRS will not be equal to X). On the other hand, if the tachycardia is related to the circuit, pacing will produce orthodromic activation of that site, and following cessation of pacing, the orthodromically activated electrogram will have a fixed relationship to the onset of the QRS equal to X. See text for discussion. (From: Almendral JM, Gottlieb CD, Rosenthal ME, et al. Entrainment of ventricular tachycardia: explanation for surface electrocardiographic phenomena by analysis of electrograms recorded within the tachycardia circuit. Circ 1986;77:569.)



Morady et al. (301) and Stevenson and colleagues (299,302,303) proposed that such critical areas of slow conduction can be identified by overdrive pacing from left ventricular sites, which are associated with prolonged conduction times from stimulus artifact to subsequent QRS complex. Although sites requisite for the reentrant circuit that exhibit slow conduction may behave in this manner, the mere presence of prolonged conduction from the stimulus artifact to the QRS does not prove that the slow conduction was part of a reentrant pathway. Multiple areas within myocardial infarction can exhibit fractionated or abnormal electrograms ( 27,28 and 29) and reduced excitability (83), which are associated with prolongation of stimulus-to-QRS intervals ( 309) yet may have nothing to do with the tachycardia itself. Moreover, the observation that pacing from different sites during sinus rhythm (pace mapping) can produce a similar QRS morphology as the QRS morphology during VT is not surprising, because many sites in the region of the tachycardia origin, but not related to the tachycardia, may give rise to similar QRS morphologies ( 311). The role and limitations of pace mapping in localizing the origin of reentrant and non-reentrant VTs are discussed later in this chapter. Others have used a prolonged stimulus-to-local electrogram time during continuous resetting (i.e., entrainment) to identify pathways containing slow conduction (245,265,266). This again does not prove that the electrogram at the recording site has anything to do with the tachycardia, because the slow conduction involved in the orthodromic capture of this electrogram may occur in or outside of the circuit. In fact, whenever ECG fusion occurs, some electrograms outside the circuit (i.e., those activated after leaving the “exit” that are part of the “VT” wavefront) will be orthodromically activated and will fulfill the requirements for entrainment. This is schematically shown in Figure 11-212. For the same reason, termination with block before this orthodromically entrained electrogram does not mean it was a critical component of the reentrant circuit, as suggested by Waldo and his colleagues ( 252,265,266).



FIG. 11-212. Orthodromic entrainment of an electrogram outside the tachycardia circuit . Events during VT and pacing are schematically shown along with a ladder diagram. The ladder diagram is composed of tachycardia circuit labeled SOO ( Site Of Origin of the VT circuit) demonstrating exit (EX) and entrance (ENT) region. The cycle length of VT is 340 msec, as shown on the left. On the right during entrainment, the pacing site PS ( arrow) is shown in the ventricular myocardium distal from the SOO. The recording site (RS, arrow) is shown outside the tachycardia circuit. During pacing, a stimulated impulse enters the circuit at the same time that the prior stimulated impulse exits the circuit to depolarize the RS. This produces fusion of the QRS. The RS is orthodromically captured following each stimulated impulse, thus when pacing is discontinued, the electrogram will return at the paced cycle length. On the other hand, the return cycle as measured from the PS far exceeds the paced cycle length. Thus, sites outside of the reentrant circuit may exhibit return cycles equal to or different from the paced cycle length. See text for discussion.



How can one then recognize when a diastolic electrogram is part of a reentrant pathway? In the absence of recording the entire diastolic reentrant pathway, I believe that stimulation at the presumed sites of origin during the tachycardia is extremely useful. The sites at which stimulation should be performed are those that demonstrate a diastolic electrogram that can be orthodromically entrained (from the RV) at one or more cycle lengths (regardless of whether it is antidromically captured at a shorter coupling interval or drive cycle length). Stimulation from that site can provide evidence of its relationship to the reentrant circuit. If that electrogram was a requisite component of the reentrant circuit, stimulation from that site during the tachycardia should produce a return cycle that is equal to the VT cycle length (as long as no slowing of conduction is produced by the stimulation). If the orthodromically entrained electrogram is outside the circuit, then following cessation pacing at that site, the return cycle should exceed the tachycardia cycle length. These studies can only be done if one records and stimulates from the same area. If one could record and stimulate from the same pole (tip and 2), it would be ideal, but standard systems are not able to do this. If catheters with a tip-2-5-2 configuration are used, recording from the second and fourth pole of a catheter and stimulation from the first and third pole of the same catheter ensure that the site of stimulation is as close as possible to the site of recording. If all electrodes are 2 mm apart, stimulation from the tip and pole 2 and recording from poles 3 and 4 are reasonable. If the electrogram were in the reentrant circuit, the stimulus-to-QRS interval should approximate the interval of the recorded electrogram to the QRS. Finally, since we are trying to define a site that can be targeted to successfully ablate VT, it should be within a protected isthmus. Pacing from such a site at a cycle length 10–20 msec shorter than the VT cycle length should produce an identical QRS to that of the VT. Thus, we suggest a form of entrainment mapping be used to confirm the relationship of an electrogram to a reentrant circuit. Thus, once a potential electrogram has been identified as possibly in the isthmus, entrainment or resetting from this site is performed and responses noted. The criteria that identify a site as being in a protected isthmus critical to the reentrant circuit include (a) an identical QRS to the VT QRS, (b) pacing from close to the recording site should produce a stimulus-to-QRS interval approximately equaling (±10 msec) the interval from the onset of the recorded electrogram to the onset of the QRS, and (c) pacing at that site should produce a return cycle measured in the LV recording approximating the VT cycle length (±10 msec). In our laboratory, only if all these three criteria are met is concealed entrainment said to be present. An entrained QRS that is identical to the VT QRS ( Fig. 11-213) suggests that the site is in, attatched to, or at the entrance to a protected isthmus that forms the diastolic pathway of the reentrant circuit. A stimulus to QRS that equals the electrogram to QRS suggests the site is not a dead-end pathway attached to the circuit (i.e., innocent bystander). A return cycle equal to the VT cycle length suggests that the site is part of the reentrant circuit. Examples of these latter two criteria are shown in Figure 11-214 and Figure 11-215. A site demonstrating all these criteria is shown in Figure 11-216. Stimulation from an innocent bystander attached to the isthmus will give rise to an identical QRS as the VT, but the stimulus to QRS will exceed the electrogram to QRS interval and the return cycle will exceed the VT cycle length ( Figure 11-217).



FIG. 11-213. Entrainment of VT from protected isthmus demonstrating identical QRS as the VT. A 12-lead rhythm strip is shown during entrainment (left half of panel, note pacing spikes) and VT (right half of figure). The QRS during pacing is identical to the unpaced VT. See text for discussion.



FIG. 11-214. Entrainment mapping of VT. Leads 1, 2, 3, V1, and V6 are shown with reference electrograms from the RVOT and RVA and electrograms from the distal LV (LVd) and proximal LV (LVp) in the protected isthmus of the reentrant circuit responsible for VT. The earliest electrical activity during VT is shown by the inverted arrow at the low-amplitude signal in mid-diastole. VT is present at a cycle length of 395 msec. A. Double extrastimuli are delivered from the RVA, the second of which resets the tachycardia with the mid-diastolic electrogram maintaining a fixed relationship to the subsequent QRS. Thus, the electrogram at the LV is orthodromically captured. B. Pacing from the LVd at a cycle length of 370 msec produces capture of the LV p at a QRS interval of 115 msec, which is virtually identical to the interval from the mid-diastolic electrogram to the onset of the QRS during tachycardia. Moreover, the return cycle following cessation of pacing equals the VT cycle length. See text for discussion.



FIG. 11-215. Entrainment mapping of VT. A–C. All panels are arranged similarly to FIG. 11-214. A. Entrainment from the right ventricular septum (RVS) is shown at a PCL of 270 msec. The LVd and LVp electrograms are orthrodromically entrained. B. Orthodromic entrainment of the LV electrograms is produced by pacing the RVA. C. Stimulation from the LVd at 270 msec captures the ventricle with a long stimulus-to-QRS interval. When pacing is discontinued, the return cycle equals the tachycardia cycle as measured from a comparable component of the LV electrogram or from the RV electrogram, which is captured in a manner during pacing identical to that during the tachycardia. The return cycle, which is equal to the tachycardia cycle length, confirms that the recorded electrogram is within the reentrant circuit. See text for discussion.



FIG. 11-216. Concealed entrainment of VT. Panel A. Leads 2 and V1 are shown with distal (D) and proximal (P) bipolar electrograms recorded from a presumed protected isthmus of the VT circuit. An isolated mid-diastolic potential is recorded 230 msec prior to the QRS during VT with a cycle length of 440 msec. Panel B. 12 lead rhythm strip during entrainment from the LV-MAPD. During pacing the 12 lead ECG is identical to the unpaced VT and the stimulus to QRS = 230 msec. The return cycle is identical to the VT cycle length. All three criteria are met, therefore concealed entrainment is present. See text for discussion.



FIG. 11-217. Stimulation from an innocent bystander attached to the isthmus. Panel A shows pacing from site 8 from which an isolated mid-diastolic potential is



recorded. The stimulus to QRS interval is 270 msec, which exceeds the electrogram to QRS interval during VT by 100 msec. The return cycle also exceeds the VT cycle length by approximately the same amount. These findings suggest the LV–8 electrogram is recorded from an innocent bystander attached to the isthmus. The reason for the findings during pacing is schematically depicted in Panel B. See text for discussion. (Courtesy of Dr. W. Stevenson.)



There are limitations to this technique that include (a) differences (albeit slight) of the area from which the second and fourth electrodes record as compared to the first and third electrodes; (b) the relationship of the site of stimulation from poles 1 and 3 to the recorded electrogram from poles 2 and 4 (i.e., proximal or distal to the recording site); and (c) the total area affected by the stimulus, which may exceed the local area, particularly when high currents (>10 mA) are required for stimulation. In addition, the pacing artifact may obscure the early part of the captured local electrogram. In such instances, a comparable component of the electrogram can be used to measure the return cycle. The RV electrogram can also be used because it should have the same relationship to the paced site as it does from the electrogram during VT (if the paced site is in the circuit). In both cases, these measurements provide indirect evidence of events in the circuit, i.e., the return cycle will approximately equal the VT cycle length if the stimulation site is in the reentrant circuit. Although the proposed method of identifying components of a reentrant circuit is useful, focal ablation of all sites defined as in the reentrant circuit may not result in a cure of the tachycardia. Cure of the tachycardia requires ablation of an isthmus bordered by barriers on either side. Because the reentrant circuit incorporates sites outside this critical isthmus, ablation of these “external” sites will not result in cure of the tachycardia, although it may alter either the cycle length or the morphology slightly. The ideal map should therefore be one in which the recorded electrogram comes from within or incorporates the protected isthmus through which the impulses must circulate. If the three criteria proposed above are met, the electrogram most likely is recorded from this zone. We have shown that use of these criteria identify successful and unsuccessful ablation sites with high predictive accuracy ( 124). Although Wit and his colleagues ( 40,47,234) suggest that fractionated electrograms represent slow propagation around and/or through areas of “pseudo”-block, which define the barriers of the isthmus ( 47,234), this does not mean that all presystolic fragmented activity involves these barriers. Proof of localization within this isthmus would require alteration of the tachycardia cycle length and termination by a perturbation at that site. If this could be done by the delivery of subthreshold stimuli, as suggested by Shenasa et al. ( 275), the ideal site map would have been identified. Similarly, termination by transient application of cryothermia would suggest an isthmus location. There are many limitations to accomplishing all of these components of mapping, not the least of which is patient tolerance. Nevertheless, if one could fulfill all these mapping criteria, one should identify the critical zone of the reentrant pathway, which, if ablated, should cure the arrhythmia. Limitations of catheter position and recording electrodes as well as the inability to predict the amount of current delivered to the reentrant pathway may obviously result in responses that would not meet all the requirements of the ideal ablation site. Relationship of Mapping Data to Heart Disease Although the vast majority of VT is associated with coronary artery disease, VT can occur in cardiomyopathies (either dilated or hypertrophic), right ventricular dysplasia, or even normal hearts. Although the principles of catheter mapping also apply to these patients, their results differ. As noted earlier in this chapter, patients with either dilated or hypertrophic cardiomyopathy demonstrate reasonably normal endocardial electrograms and activation patterns ( 28). Even in those patients with sustained uniform VT, the incidence of abnormal endocardial electrograms is lower, and the electrograms less abnormal, than those in patients with VT and myocardial infarction. In an analogous fashion, the endocardial electrograms are also often normal during VT including the earliest site and presumed “site of origin.” This is in contrast to that observed at the so-called “site of origin” of a VT associated with coronary artery disease. The vast majority of tachycardias associated with coronary artery disease arise from the left ventricular endocardial or subendocardial areas. Occasionally VTs associated with blotchy infarcts (particularly, inferior infarcts) can have an intramural or subepicardial critical componant of their VT circuit and can be ablated from the epicardium ( Fig. 11-218). Such tachycardia locations may become more frequent with early reperfusion of infarcts. In contrast those VT associated with cardiomyopathy can arise anywhere in the heart in either right or left ventricle and from endocardium to epicardium. Because the catheter records endocardial and subendocardial activity, the electrograms can be normal if the tachycardia has an intramural or epicardial origin. Therefore, in the presense of VT associated with cardiomyopathy, one may only be able to demonstrate focal activity because the bulk of electrical activity related to the tachycardia mechanism may be midmyocardial or even epicardial. An example is shown in Figure 11-219 in which a left bundle branch block-type VT appears to arise in the anterior right ventricular wall (RV 18). Note that the earliest electrogram is perfectly normal and precedes the QRS complex by only 22 msec. Sosa et al. (59,304) have developed a technique of epicardial mapping using an intrapericardial approach. Using this technique they have demonstrated early activation on the epicardium in patients with Chagas disease and in highly selected patients with inferior infarction, which they targeted for ablation. In such patients epicardial mapping via the pericardium and entrainment mapping as described above can define critical sites of a reentrant circuit that can guide successful ablation. While epicardial mapping via the pericardium may be useful in the cases, the safety and accessibility of the entire epicardium, as well as the delivery of adequate radiofrequency energy requires further study and refinement ( 305).



FIG. 11-218. Epicardial “origin” of VT associated with inferior myocardial infarction. ECG leads I, II, III, V1, and V6 are shown with proximal and distal RV endocardial and LV epicardial electrograms. Top panel. VT is present at a cycle length of 435 msec. Epicardial mapping revealed a mid-diastolic potential ( arrows) 100 msec prior to the QRS. Although entrainment mapping was not performed, delivery of radiofrequency energy at this site terminated the VT suggest an epicardial or subepicardial component of the reentrant circuit. (From: Sosa E, Scanavacca M, d'Avila A, et al. Non-surgical transthoracic epicardial catheter ablation to treat recurrent ventricular tachycardia occurring late after myocardial infarction. J Amer Coll Cardiol 2000;35:1442–1449.)



FIG. 11-219. Endocardial map in a patient with an idiopathic dilated cardiomyopathy and right ventricular VT. VT with a left bundle branch block left axis deviation morphology is present. The earliest site of endocardial activity is the mid-anterior wall of the right ventricle (RV 18). Note that the electrogram is a normal electrogram and occurs 25 msec before the onset of the QRS. See text for discussion.



Repetitive monomorphic tachycardias occurring in normal hearts that may be nonsustained or sustained ( 129,226) most commonly arise in the right ventricular outflow tract. This tachycardia, which is due to DADs that are characteristically facilitated by enhanced adenyl cyclase-dependent cyclic AMP activity, has an LV counterpart



that usually arises at the superior-basal aspect of the LV near the mitral annulus. Occasionally similar VTs due to DADs arise high in the interventricular septum or epicardium. Epicardial or deep intramural locations are suggested by slurred upstrokes of the QRS. The earliest electrograms (unipolar or bipolar) at the earliest sites are usually but not always normal, and are recorded, on the average, »30 msec prior to the QRS ( Fig. 11-220 and Fig. 11-221). If the electrogram is severely abnormal in an apparent RV outflow tract VT, and the catheter is positioned over the free wall of the outflow tract, one must consider the possibility that the patient has an early form of right ventricular dysplasia ( Fig. 11-221). In such patients, sites of origin are typically abnormal. Typically, VT that is due to right ventricular dysplasia arises from the free wall at the outflow tract, near the apex of the heart, or in the inferobasal portion of the right ventricle ( 137). These are reentrant VTs, and the same mapping techniques used to localize VT in CAD should be employed. In fact the appearance of a VT with an LBBB pattern and superior axis in someone with an apparently normal heart should suggest the possibility of right ventricular dysplasia (see Fig. 11-203). The extent of the disease is paralleled by the extent of abnormalities of electrograms in sinus rhythm (see following section entitled Sinus Rhythm Mapping). Another group of patients in whom reentrant activity is certainly likely are patients with VT after repair of tetralogy of Fallot. In such cases, the scar in the right ventricular outflow tract appears to provide a barrier around which the impulse may circulate (125,126). In such continuous activity reflecting the activation around the scar can be recorded ( Fig. 11-222). Finally, some fascicular tachycardias can be caused by DADs (digitalis-induced or adenyl cyclase-dependent cyclic AMP mediated). These have characteristic fascicular morphologies and are preceded by a fascicular spike in the LV and, almost always, a retrograde His potential ( Fig. 11-223). Idiopathic LV verapamil sensative VT has a similar morphology to posterior fasicular rhythms, but has a reentrant mechanism ( 135,136,137,138,139 and 140,177,267,268). These VT often have a Purkinje spike preceding the QRS, which has suggested to many that it is fascicular in origin. For various reasons discussed earlier in this chapter, I do not believe the fascicles have proven to be part of the reentrant circuit. These VT can be entrained from the RV, and in rare instances, concealed entrainment is possible, usually from on the mid to lower LV septum. Others have demonstrated diastolic potentials on the septum leading to a zone of slow conduction ( 268), but such potentials have not been universally found.



FIG. 11-220. Endocardial mapping of a VT complex during repetitive monomorphic tachycardia.. Schema of the RV and LV are shown along with analog recordings during a sinus complex and a ventricular complex. The earliest ventricular activity occurs at the infundibulum of the RVOT and is a normal electrogram. It precedes the QRS by 22 msec. See text for discussion. (From: Buxton AE, Waxman HL, Marchlinski FE, et al. Right ventricular tachycardia: clinical and electrophysiologic characteristics. Circ 1983;68:917.)



FIG. 11-221. Endocardial map from an adolescent with possible right ventricular outflow tract VT from the epicardium. Leads 1, aVF, and V1 are shown with electrograms from the RVOT, RVA, right ventricular inflow tract (RVIT), left ventricular apex LVA, and mid-left ventricular septum LVS. The tachycardia has a left bundle right inferior axis morphology. Earliest activity occurs at the RVOT and is associated with a broad low-amplitude electrogram. The markedly slurred upstroke of the QRS suggests an epicardial or deep septal location.



FIG. 11-222. Endocardial map in a patient with VT status postrepair of tetralogy of Fallot. Leads 1, aVF, and V1 are shown with electrograms from the RVIT, RVOTd, RVOTp, RVA, and the mid-left ventricular septum LVS. The RVOT d demonstrates continuous electrical activity, while the adjacent RVOT p has a diastolic potential in the first third of diastole. The widely separate potentials are recorded from opposite sides of the ventriculotomy scar. See text for discussion. (From: Horowitz LN, Vetter VL, Harken AH, Josephson ME. Electrophysiologic characteristics of sustained ventricular tachycardia occurring after repair of tetralogy of Fallot. Am J Cardiol 1980;46:446.)



FIG. 11-223. Posterior fascicular tachycardia due to triggered activity. VT with a relatively narrow QRS (110 msec) and an RBBB, left axis deviation is shown. LV mapping with unfiltered unipolar and filtered bipolar recordings demonstrate posterior fascicular potentials preceding retrograde His potentials and the QRS. Note a QS unipotential recording that times with the onset of the LV bipolar recording in this patient with no structural heart disease. The VT was terminated by adenosine, carotid



sinus pressure, beta blockers, and calcium blockers and was initiated by isoproterenol.



Regardless of the cause of the tachycardia, proof that the earliest endocardial electrogram is in fact earliest requires the same procedures described in the preceding paragraphs. The mode of initiation, response to stimulation, and effect of drugs on such tachycardias will also provide indirect evidence for the type of mechanism for the arrhythmia. Of importance, however, is the recognition that because tachycardias in cardiomyopathy may be midmyocardial or even subepicardial, the earliest site of activation on the endocardium may not provide a precise enough marker for the origin of the tachycardia to use for catheter ablative techniques. This is important because most standard radiofrequency catheter ablation techniques result in a lesion 


FIG. 11-224. Endocardial catheter map in two morphologically distinct tachycardias. A schema of the open LV is shown with analog records of two morphologically distinct VTs. A. VT with a right bundle branch block right superior axis is shown. A reference RV high septal electrogram is shown along with multiple ventricular recordings. The earliest electrogram is recorded at mid LV 2, 70 msec before the onset of the QRS. B. VT with a left bundle branch block right inferior axis is shown. The earliest electrical activity in this tachycardia arises from the high septum near LV 3, 2 cm from the right bundle branch block tachycardia. These are considered as a similar region. See text for discussion.



FIG. 11-225. Sites of origin of three morphologically distinct VTs in the same patient. A–C. Three tachycardias are shown. Three ECG leads, a reference RVA electrogram, and bipolar and unipolar electrograms from the earliest left ventricular recording site are shown. A. VT with a left bundle branch block, left axis deviation pattern has its earliest site at inferior 2, 85 msec before the onset of the QRS. B. VT with a right bundle branch block, left axis deviation pattern has its earliest site 1.5 cm away, at 3 LV. This site is activated 72 msec before the onset of the QRS. C. A tachycardia with a right bundle branch block, right inferior axis pattern is seen. The earliest site is at the junction of site 3 and the anterior wall (3–11 ). This site is 2 cm above site 3 and forms the apex of a triangle between three sites, which cover an area of approximately 3.5 cm2. Site 3–11 LV demonstrates an isolated mid-diastolic potential 115 msec prior to the onset of the QRS.



Although individual tachycardia morphologies can be initiated at different times, not infrequently one tachycardia changes to another in response to programmed stimulation (Fig. 11-226). In such instances, if one is recording a site in an isthmus, it is not infrequent to see the electrogram at that site remain relatively constant despite the changing QRS (Fig. 11-226). In such cases, we believe that stimulation either causes a change in location or direction of activation from the site of exit from the reentrant circuit or a change in the activation sequence in the ventricular tissue surrounding the exit site by altering the electrophysiologic properties of this tissue. The former explanation is schematically shown in Figure 11-227. The relative position of the recording electrodes and the exit site determines the relationship of the QRS and local electrogram. Subtle changes in QRS morphology can be associated with marked changes in the sequence of ventricular endocardial activation without a change in electrogram configuration or timing ( Fig. 11-228). Occasionally, the change in configuration is abrupt, suggesting a change in exit pattern ( Fig. 11-229). In either of the latter two instances, because the reentrant circuit is unaffected, the tachycardia cycle length is unaffected as well. Thus, change in tachycardia morphology need not reflect a change in a reentrant circuit or site of impulse formation but merely reflects the overall pattern of ventricular activation. In some cases, pacing can reverse the reentrant loop. In such cases ( Fig. 11-230), the recorded electrogram will change morphology because the propagating wavefront is in the opposite direction (thus, demonstrating the anisotropic nature of such electrograms). The cycle length may also be altered because the conduction velocity through nonuniform anisotropic tissue can change based on the direction of the propagating wavefront. We have observed an identical mechanism in a canine model of reentrant VT (317). The concept that different morphologically distinct VTs can share an isthmus or diastolic pathway has been validated by cure of all VTs with a



single application of radiofrequency energy and has been demonstrated by noncontact and intraoperative mapping ( 273,274,308).



FIG. 11-226. Change in QRS morphology of VT produced by ventricular extrastimuli. Leads 2 and V1 are shown with electrograms from the HRA, CS, AVJ, RVA and inside a left ventricular aneurysm (LV-AN). VT with right bundle branch block morphology is present in the first two complexes. The site of origin in the LV-AN demonstrates diastolic and systolic fragmented activity. Two ventricular extrastimuli delivered from the RVA change the ventricular activation sequence and the QRS morphology to a left bundle branch block pattern without significantly altering configuration of the electrogram in the LV-AN. However, the relationship of the electrogram in the LV-AN to the QRS changes markedly. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 4. Pleomorphism. Circ 1979;59:459.)



FIG. 11-227. Proposed mechanism for change in morphology of VT by extrastimuli shown in FIG. 11-226. A bipolar catheter is schematically positioned over part of the reentrant circuit and records a local fragmented activity during different parts of the cardiac cycle, depending on the relationship of the exiting wavefront to the catheter recording site. If the ventricles are depolarized by a wavefront that exits after passing the electrode (tachycardia on the right), fragmented activity will be recorded before the QRS. If ventricular activation occurs before reaching the area of the catheter recording, the fragmented activity will appear during and after the QRS (tachycardia on the left). Thus, the right and left bundle branch block morphologies shown here come from the same reentrant circuit, despite a change in relationship of the fractionated electrogram to the onset of the QRS. See text for discussion. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 4. Pleomorphism. Circ 1979;59:459.)



FIG. 11-228. Subtle change in ORS configuration during VT associated with a marked change in ventricular activation. The two QRS configurations during VT shown in the panels are similar, but the ventricular activation sequences are markedly different. Note that the rate of the tachycardia and the local electrogram from the LV-An remain unchanged. See text for discussion. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 4. Pleomorphism. Circ 1979;59:459.)



FIG. 11-229. Abrupt change in QRS morphology and endocardial activation sequence during VT. The tachycardia as recorded in the LV-An is unaltered by the sudden change in QRS noted by the inverted broad arrow. However, the morphologic change in the QRS is associated with a one-cycle delay (370 to 405 msec) in the electrogram recorded at the right ventricular apex along the septum (RVSA) and subsequent change in ventricular activation recorded in the CS and AVJ and RVSA (vertical lines). This suggests that a change in exit site has occurred in the absence of any change in the underlying tachycardia mechanism. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 4. Pleomorphism. Circ 1979;59:459.)



FIG. 11-230. Change in morphology of VT by overdrive pacing and reversal of activation through the reentrant circuit. Leads 1, aVF, and V1 are shown with electrograms from the RVA and the LV site of origin (i.e., presystolic, orthodromically activated site within the VT circuit). VT with a right bundle branch block right superior axis is present with a cycle length of 440 msec. Pacing from the RVA at 400 msec produces a total change in the LV electrogram, suggesting antidromic capture. On cessation of pacing, the tachycardia morphology has reversed itself to a left bundle branch block pattern. This suggests that overdrive pacing stopped the tachycardia and reinitiated in the opposite direction. See text for discussion.



As noted earlier in this chapter, the width of the QRS can vary, depending on changes in the direction of activation away from the site of origin as well as whether or not the His-Purkinje system is used for propagation throughout the ventricles ( Fig. 11-82 and Fig. 11-84). Changes in cycle length, sites of origin, or direction of the propagating wavefront can result in failure to propagate to or through other areas of the ventricle that are not necessary for the maintenance of the tachycardia. An example is Figure 11-231; an area of a left ventricular aneurysm is activated by every cycle of a tachycardia with a cycle length of 350 msec but suddenly fails to be activated during every other complex of a new tachycardia with a shorter cycle length. Such local failure of propagation has also been observed during intraoperative mapping and may reflect the influence of nonuniform anisotropy in the diseased tissue in addition to nonuniform “refractoriness” ( 296). Of interest, as shown by Miller et al. (296) such local failure of conduction usually occurs at or near exit sites of reentrant VTs, suggesting this finding may be characteristic of arrhythmogenic tissue.



FIG. 11-231. Two-to-one conduction to a left ventricular aneurysm during VT . ECG leads 2 and V 1 are shown with electrograms from the AVJ and RVA along with an electrogram from within an LV-An. During VT with a right bundle branch block morphology and a cycle length of 350 msec, there is 1:1 activation at all ventricular sites. With a switch in tachycardia morphology and a decrease in the tachycardia cycle length electrical activity in the LV-An electrogram appears following every other complex. (From: Josephson ME, Horowitz LN, Farshidi A, et al. Recurrent sustained ventricular tachycardia. 4. Pleomorphism. Circ 1979;59:459.)



Intraoperative mapping has demonstrated that most sustained uniform VTs exit from a “focal” circumscribed area in the ventricle in the majority of cases (42,44,91,92,273,274,293,294 and 295,297,298). In some instances this probably reflects an exit from a subendocardial sheet of surviving muscle as suggested by de Bakker et al. (42,44) and Downar et al. (273). In other instances, a larger macroreentrant figure-of-eight reentrant pathway has been described (42,273,274,293,296,297 and 298). These studies also confirmed that the QRS morphology reflects global ventricular activation and closely parallels that of the epicardial activation sequence. Validation of Catheter Mapping Validation of the catheter map requires demonstration that application of radiofrequency energy at the site of origin of focal VTs or the center or exit from a protected isthmus in reentrant VTs is determined by catheter terminates VT. The successful outcome of a catheter ablation to define the accuracy of mapping is unjustified because multiple radiofrequency applications at different sites are frequently used, prohibiting analysis of the importance of any single local electrogram. In my experience, the use of the various steps suggested for proving that an electrogram is at a critical site in the reentrant circuit or is at the “site of origin” results in successful termination of VT (124). For reentrant VT associated with prior infarction, all three entrainment criteria must be met. Use of the post-pacing interval alone is inadequate, but contrary to the suggestion of Bogun et al. ( 318), the post-pacing interval is extremely useful. It is necessary, but not sufficient. Obviously, thickness of scar, presence of endocardial clot, a wide isthmus or no isthmus (single loop reentry), intramural or subepicardial location, and inadequate lesion make 100% success an unrealistic goal. However, for focal mechanisms and most VT associated with prior infarction, the ability to terminate VT approaches this lofty goal. Access issues and inability to induce the targeted clinical VT are other limitations. We have performed both catheter and intraoperative maps on several hundred tachycardias to date and have found an excellent correlation between the catheter map and the intraoperative map. Our catheter map corresponds within 2 cm (i.e., an area of 4 cm 2) to the earliest site recorded intraoperatively ( Fig. 11-232 and Fig. 11-233). We have shown that endocardial catheter mapping is far more accurate than intraoperative epicardial mapping for localizing the origin of VT associated with coronary artery disease ( 72,291,293). Examples are shown in Figure 11-233 and Figure 11-234, where the endocardial site of activation precedes the QRS while the earliest epicardial activation occurs after the QRS. This is particularly true in left bundle branch block VT ( Fig. 11-234) in which epicardial activation almost always reveals early right ventricular activation followed by left ventricular activation; yet, the earliest site is on the septal endocardium. Thus, while there is active interest in epicardial approaches to VT associated with infarction, in my experience, the overwhelming majority of VTs have critical sites located in the subendocardium. Early intervention of acute infarction may change this; however, I believe the change in substrate is more likely to change the type of tachycardia to one that is more unstable. Mapping such tachycardias will require the use of newer technologies as suggested earlier in the chapter. The less frequently encountered stable monomorphic VTs are still likely to be subendocardial.



FIG. 11-232. Comparison of catheter and intraoperative (OR) endocardial (ENDO) maps. The activation times obtained during catheter mapping closely correspond to data obtained intraoperatively. (From: Josephson ME, Horowitz LN, Spielman SR, et al. Role of catheter mapping in the preoperative evaluation of ventricular



tachycardia. Am J Cardiol 1982;49:207.)



FIG. 11-233. Comparison of catheter endocardial map in intraoperative epicardial and endocardial map. A catheter endocardial map is shown of VT with a right bundle branch block right superior axis morphology. The earliest site of activation is at LV site 8, which occurs approximately 45 msec before the onset of the QRS. Intraoperative mapping of the same tachycardia reveals the earliest site to be equivalent to catheter site 8, 52 msec before the onset of QRS. The earliest epicardial site follows the onset of the QRS by 32 msec and is anterior and lateral to site 8. See text for discussion. (From: Josephson ME, Horowitz LN, Spielman SR, et al. Comparison of endocardial catheter mapping with intraoperative mapping of ventricular tachycardia. Circ 1980;61:395.)



FIG. 11-234. Relationship of endocardial and epicardial mapping in VT with a left bundle branch block morphology. Isochronic maps of a VT with a left bundle branch block are shown in (A), the anterior (B), left lateral, and (C) inferior (bottom right) views. The stippled area represents the site of a prior infarction and LV-An. During the tachycardia, the earliest ventricular activation breaks through at the apex of the right ventricle. Right ventricular activation is completed before left ventricular activation. D. Three ECG leads, RV and LV references, and the earliest epicardial site (EPl) and endocardial site are shown. The earliest epicardial site is at the RV apex while the site recorded during the tachycardia was on the midapical third of the left ventricular septum See text for discussion.



Sinus Rhythm Mapping Occasionally, activation mapping cannot be performed in the catheterization laboratory because of hemodynamic intolerance. While new technologies may be useful in acquiring single beat maps or placing patients on cardiopulmonary bypass can allow for standard mapping techniques, sinus rhythm mapping may be of value. In such instances, potential arrhythmogenic areas can be identified in the presence of abnormal and/or late electrograms, which we and others have demonstrated to be associated with arrhythmogenic tissue (27,28,29,30,31,32,33,34 and 35). This relationship led to the use of signal-averaged ECGs to recognize arrhythmogenic substrates (62,63,64,65,66,67 and 68,76,77,78,79 and 80). Mapping of VTs has demonstrated that the vast majority (»85%) occur at sites that have abnormal and/or late electrograms during sinus rhythm ( 27). Unfortunately, abnormal, fractionated, and/or late electrograms are found throughout infarcted myocardium and are nonspecific for the site of origin ( 27,307). This is clearly demonstrated in Figure 11-235, where the site of origin is focal at site 2, which has neither the most abnormal nor latest electrogram in sinus rhythm. This is also true in patients with right ventricular dysplasia, another disorder in which abnormal electrograms are widespread yet tachycardias are relatively focal ( Fig. 11-236). Intraoperative mapping has confirmed these findings, demonstrating that such late potentials and/or abnormal electrograms are of poor predictive accuracy for documenting the site of origin of VT ( 31,72). Use of the Biosense, Carto system allows for voltage mapping, late potential and duration mapping, which supports our earlier work in identifying arrhythmogenic tissue. An example of such maps and the relationship of abnormalities recorded during sinus rhythm to the site of successful ablation at an entrainment map defined protected isthmus is shown in Figure 11-237. Because these electrograms probably represent potential arrhythmogenic sites (i.e., a specific anatomic substrate), when one cannot map a tachycardia, the use of such abnormal and/or late electrograms to develop and guide ablation lesions is reasonable. Preliminary studies suggest these areas can be bisected or encircled by radiofrequency lesions and successfully eliminate VTs ( 33).



FIG. 11-235. Analog map from a patient in sinus rhythm and during VT. Three surface ECG leads (l, aVF, and V 1) are shown with one electrogram from the RVA and electrograms from the 12 standard left ventricular sites. The dotted vertical lines define the onset of the surface QRS activity. During sinus rhythm, eight sites demonstrate abnormal (A), fractionated (F), or late (L) electrical activity. Only four sites were normal. During VT, the site of earliest activity is at site 2. In sinus rhythm, however, site 2 is neither the most abnormal nor the latest. See text for discussion. (From Cassidy DM, Vassallo JA, Buxton AE, et al. The value of catheter mapping during sinus rhythm to localize site of origin of ventricular tachycardia. Circ 1984;69:1103.)



FIG. 11-236. Sinus rhythm map in a patient with right ventricular dysplasia. ECG leads and an RV reference are shown along with multiple sites from the RV and LV. Note the marked abnormality of electrograms in the right ventricular free wall. Electrical activity extending nearly 200 msec beyond the end of the QRS is seen at site 18 and site 16–18. Note that the LV electrograms are normal. See text for discussion.



FIG. 11-237. Substrate mapping in a patient with VT associated with coronary artery disease. Comparison of sinus rhythm mapping and VT mapping in a patient with VT and old inferior infarction. Clockwise from upper left. Late potential, Duration, VT, and Voltage maps recorded using the Carto system. The heart is viewed in the PA position. Electrograms of latest activation (purple), longest duration (red), lowest voltage (red), correlate with the critical isthmus of VT (red). (See Color Fig. 11-237.)



Approximately 15% of tachycardias, however, will arise at sites that appear normal during sinus rhythm ( 27). Currently, there is no way to identify which normal sites are potentially arrhythmogenic; however, evaluating the response of such electrograms to ventricular pacing and extrastimuli might provide some insight into this question (Fig. 11-238). Preliminary data in our laboratory suggest that normal electrograms that ultimately turn out to be sites of origin of VTs demonstrate dimunition in amplitude and a prolongation of duration that is significantly greater than normal electrograms that do not turn out to be sites of origin. Further work is necessary to see whether this would be of predictive value and hence can be used clinically.



FIG. 11-238. Response of normal and abnormal electrograms to ventricular pacing and extrastimuli . Electrograms from multiple left ventricular sites are shown during sinus rhythm and during right ventricular pacing with two ventricular premature depolarizations (VPDs). Electrograms from sites 2, 3, 4, and 5 are abnormal in sinus rhythm, while those from sites 6 and 11 are normal. In response to ventricular pacing, only modest changes are seen in site 6, and site 11 remains totally normal. Following double extrastimuli, however, site 6 remains mildly changed, but there is a marked change in site 11. Note that site 2, which had a split potential during sinus rhythm, remained almost unchanged during both pacing and ventricular extrastimuli with a reversal of the early and late components of the electrogram. Sites 3, 4, and 5 became progressively more abnormal. See text for discussion.



Relationship of QRS Morphologies to Sites of Origin of Tachycardias To evaluate whether or not the QRS morphology of VT can be used to localize sites of origin, three questions must be addressed. The first two address the issue of whether specific QRS patterns are associated with specific sites of impulse formation in the ventricle. We have compared the QRS morphologies and sites of origin or exit sites of tachycardias in patients undergoing endocardial mapping ( 8,9). We also analyzed the QRS morphologies of pacing specific endocardial sites in patients without tachycardias (312). The third question to address is the hypothesis that a paced QRS morphology (during sinus rhythm) that matches that of spontaneous tachycardia would identify the pacing site as the origin of a focal VT or the exit site of a reentrant VT of the tachycardia ( 311). We have performed these studies, which have demonstrated both the usefulness and limitations of the QRS morphology to identify sites of origin and of pace mapping to localize site of origin of VT. Factors influencing the ability of QRS patterns to localize VT origin include (a) the presence and size of infarction, (b) the degree of fibrosis, the shape of the heart in the chest cavity, (c) the site and mechanism of VT within an infarct or scarred area, (d) the effect of nonuniform anisotropy and propagation from the site of origin, (e) the effects of acute ischemia and/or electrolyte abnormalities, (f) the presence of increased ventricular mass, and (g) the presence of structural abnormalities unrelated to the tachycardia mechanism. In view of all the potential limitations, it is surprising how useful the ECG can be in regionalizing the origin of VT. Relationship of QRS Patterns of Sites of Origin of Ventricular Tachycardia Although the QRS configuration has been used to predict the site of origin of ventricular impulse formation, there are remarkably little data on which to base this usage (8,9,310,311,312,313 and 314). The largest data base that is available has come from our laboratory, where we now have compared the 12-lead electrocardiogram with mapped sites of origin of more than 600 VTs. We identified the site of origin or exit site of each VT by catheter and/or intraoperative mapping. In addition, we studied the 12-lead electrocardiograms produced by pacing of multiple ventricular sites in patients with and without wall motion abnormalities ( 312). Similar studies analyzing the 12-lead electrocardiographic patterns and response to left ventricular pacing have been used by others to develop algorithms to identify “sites of origin” of VT (313,314). In general, QRS patterns are less accurate predictors of the exit sites or protected isthmuses of reentrant VTs in patients with prior infarction and wall motion abnormalities than they are for focal VTs in patients with normal venticles. The pattern of ventricular activation and hence, resultant QRS, depends on how the wavefront propagates from the site of origin to the remainder of the heart; this may be totally different during the tachycardia than during pacing from the same site in sinus rhythm. In fact pacing during sinus rhythm in the center of an isthmus during reentrant VT would be expected to produce a different QRS than the VT since the



paced wavefront spreads centrifugally to the heart while the VT wavefront moves in one direction (i.e., orthodromic). This latter observation is one of the important limitations of the use of pace mapping to identify the “site of origin” of VT. While there may be a better relationship of the paced QRS to the VT QRS in VTs with focal mechanisms in normal hearts, there is an inherent physical limitation of mapping or stimulation techniques to identify the site of origin of the tachycardia such that reproducible catheter placement in the ventricle can only be accomplished in an area of a few cm 2. Furthermore bipolar pacing stimulates an area of »1 cm 2, further limiting the accuracy of this technique. In the presence of infarction this limitation is exaggerated since high currents are often used. Our initial studies demonstrated that it was possible to separate apical from basal sites based on comparisons of 12-lead ECGs and mapped exit sites of reentrant VTs or analyzing the resultant 12-lead ECG from pacing specific left ventricular sites during sinus rhythm ( 311,312). Analyses of the QRS complexes in leads 1, V 1, V2, and V6 were most helpful in separating apical from basal sites ( Fig. 11-239 and Fig. 11-240), but configurations in similar leads were far less useful in separating apical septal from apical lateral sites. Our findings were identical in our initial correlation of VT sites of origin or exit sites with ECGs. In summary, for VTs associated with prior infarction, our findings revealed the following: (a) The presence of a Q wave in leads 1, V 1, 2, and V6 was seen in VTs with right bundle branch block morphology or left bundle branch block morphology originating near the apex but not those originating in the inferobasal parts of the heart. (b) R waves in leads 1, V 1, 2, and V6 were specific for VT with right bundle branch block morphology or left bundle branch block morphology, respectively, of posterior origin. (c) In patients with left bundle branch block morphology, the presence of a Q wave in leads 1 and V 6 was associated with an apical septal location, while the presence of an R wave in 1 and V6 was associated with inferobasal septal origin. When ECGs showed both right and left bundle branch block patterns from the same site of origin, their morphologies were characteristic of apical or basal locations ( Fig. 11-241 and Fig. 11-242).



FIG. 11-239. Representative 12-lead ECGs recorded during endocardial pacing at basal and apical sites. Twelve-lead ECGs from basal sites 6 and 8 are shown and from apical sites 1 and 2. All four examples manifest right bundle branch block configuration. Note that basal sites have R waves in leads 1 and VE as well as in V 1 and 2, whereas apical sites have Q waves in 1 and V 6 and a loss of R wave in 2. See text for discussion.



FIG. 11-240. Frequency of QRS configurations observed in ECG leads l, V1, V 2, and V6 during pacing at apical (sites 1 and 2) compared with that at basal (sites 4, 6, 8, 10, and 72) locations. (From: Waxman HL, Josephson ME. Ventricular activation during ventricular endocardial pacing. I. Electrocardiographic patterns related to the site of pacing. Am J Cardiol 1982;50:1.)



FIG. 11-241. Ventricular tachycardia with right and left bundle branch block morphologies originating at the same posterobasal site. A schematized LV is shown with two tachycardias arising from site 6 at the inferior wall. On top is a right bundle branch block and on the bottom is a left bundle branch block. Both morphologically distinct tachycardias rose from the same area. (From: Josephson ME, Horowitz LN, Waxman HL, et al. Sustained ventricular tachycardia: role of the 12-lead electrocardiogram in localizing site of origin. Circ 1981;64:257.)



FIG. 11-242. Ventricular tachycardias with right and left bundle branch block morphologies arising at similar anteroseptal sites. The LV is schematically shown. Left bundle branch block with inferior axis ( top) and a right bundle branch block, right superior axis ( bottom) originate within 1 cm of each other. (From: Josephson ME, Horowitz LN, Waxman HL, et al. Sustained ventricular tachycardia: role of the 12-lead electrocardiogram in localizing site of origin. Circ 1981;64:257.)



We more recently tried to enhance the specificity and predictive accuracy of the 12-lead ECG by developing a more “sophisticated” algorithm using eight different patterns of R-wave progression in the precordium in addition to relationship with prior infarction, axis deviation, and bundle branch block morphology ( Fig. 11-243) (9). Although site of infarction is not an electrocardiographic criterion, the site of infarction can significantly influence the ECG pattern and should be taken into consideration for any algorithm. The larger the infarct, the less predictive are ECG patterns for a specific site of origin. Thus, ECG patterns associated with anterior infarction were less likely to predict sites of origin than those with inferior patterns (37% vs. 74%, p < .001) (9). Similarly, left bundle branch block patterns, which all cluster on or adjacent to the septum, had a higher predictive accuracy for site of origin than right bundle branch block morphology, which could be septal or located on the free wall (73% vs. 31%, p < .001) (9).



FIG. 11-243. Precordial R-wave progression patterns. Eight different R-wave progression patterns are listed, with the number of examples in parentheses. Typical R-wave patterns for V1 through V6 are shown. See text for discussion. (From: Miller JM, Marchlinski FE, Buxton AE, Josephson ME. Relationship between the 12-lead electrocardiogram during ventricular tachycardia and endocardial site of origin in patients with coronary artery disease. Circ 1988;77:759.)



Using a schema of the heart that differed slightly from our mapping schema but that divided the left ventricle into areas of approximately 15 cm 2 (Fig. 11-244), only approximately one-half of the tachycardia morphologies were predictive for a specific site of origin. The mapped exit sites and QRS morphologies of 182 consecutive reentrant VTs on which the algorithm was developed are shown in Figure 11-245. The algorithms we developed had a predictive accuracy of >70% for a specific QRS morphology to identify an exit site. They are shown in Figure 11-246. We did not include in the algorithm VT morphologies with less than five examples of that pattern. Left bundle branch block left superior or inferior axis patterns had good predictive accuracy for site of origin regardless of whether they occurred in the presence of anterior or inferior infarction. On the other hand, although the vast majority of RBBB morphologies clustered in a small region with inferior infarctions, they were widely disparate in patients with anterior infarction. In the majority of cases, it was not possible to separate septal from lateral wall site of origin, even using the more detailed analysis based on R-wave progression.



FIG. 11-244. Regions of VT origin used to assess the predictive accuracy of the 12-lead EGG. The LV is depicted as having been opened along the lateral wall with the anterior wall reflected to the right. Regions are as follows: A, inferoapical septum; B, anteroapical septum; C, anteroapical free wall; D, anterobasal free wall; E, anterobasal and midseptum; F, inferobasal septum; G, inferomedial free wall; H, inferolateral free wall; I, midinferior wall; J, inferoapical free wall. Areas G and H together constitute the inferobasal free wall.



FIG. 11-245. Mapped sites of origin for 182 VTs. A. Left bundle branch block VTs (LBBB-VT) are shown. B. Right bundle branch block tachycardias (RBBB-VT). A and B. Among each bundle branch block type, anterior infarcts are shown on the left and inferior on the right. QRS axis is segregated by infarct and morphology. The left ventricular endocardium is displayed as in FIG. 11-221. Each characteristic morphology is plotted according to the key. (From: Miller JM, Marchlinski FE, Buxton AE, Josephson ME. Relationship between the 12-lead electrocardiogram during ventricular tachycardia and endocardial site of origin in patients with coronary artery disease. Circ 1988;77:759.)



FIG. 11-246. Algorithm correlating region of origin to 12-lead ECG of VT. Anterior infarct-associated VTs and inferior infarct-associated VTs are shown. The first branch point is bundle branch block (BBE) configuration, followed by QRS axis, and R-wave progression (RWP). When possible, a “specific region of origin” is indicated. Number of VTs in each group is indicated in parentheses. A vertical line ending in an asterisk indicates inadequate numbers of VT for analysis; a vertical



line terminating in a horizontal line indicates adequate numbers for analysis, but no specific patterns. See text for discussion. L = left; S = superior; fl = right, 1 = inferior. (From: Miller JM, Marchlinski FE, Buxton AE, Josephson ME. Relationship between the 12-lead electrocardiogram during ventricular tachycardia and endocardial site of origin in patients with coronary artery disease. Circ 1988;77:759.)



In some cases, we observed that the QRS axis was inappropriate for the exit site. This almost always occurred in the presence of a large apical infarction. Typically, this discrepancy was observed in tachycardias with either right or left bundle branch block with a right or left superior axis. Approximately 15% of such tachycardias arose from the superior aspect of the septum or the adjacent anterior free wall and not from the inferior half of the septum, as would be expected. Such discrepancies obviously were related to abnormalities of conduction out of the area of the reentrant circuit toward the rest of the myocardium, as shown in Figure 11-247 (296). This was most likely caused by the anisotropic properties of the heart during the tachycardia, because the conduction velocity over the same area can differ dramatically, depending on the pattern of impulse propagation and cycle length of the tachycardia ( Fig. 11-248).



FIG. 11-247. Asymmetric activation of ventricles from the site of origin. The heart is opened in the left lateral view through a ventriculotomy. Examples of electrograms from various endocardial mapping sites are shown. Note that the earliest site (second from top on left) is on the anterosuperior aspect of the apical septum. Conduction anteriorly is very slow, while conduction inferiorly is fairly rapid. This leads to earlier activation of the inferior wall than the anterior wall, giving rise to an axis that is lateral and somewhat superior. Based on the earliest site, the axis should have been inferior. See text for discussion.



FIG. 11-248. Influence of anisotropy on conduction in area of origin. A schema of the heart is shown with a 20 bipolar plaque placed over the site of origin of tachycardia V1. Two tachycardias arose from areas underneath this plaque, which had an area of approximately 4 cm 2. Note that conduction parameters in VT-1 are totally different from those in VT-2. Moreover, conduction during NSR is much more rapid than in both tachycardias. This demonstrates the functional nature of conduction disturbances, which influence the rapidity of propagation and the wave of propagation of impulses in the same area. See text for discussion.



Of significance, however, despite the inability to apply an algorithm to more than 50% of VT morphologies, our staff was correctly able to identify the exit site of the tachycardia in nearly three quarters of the tachycardias in which no algorithm could be applied. This suggests an “experiential” effect, which we have been heretofore unable to characterize and develop into an algorithm. Regardless of the limitations of the ECG, in the majority of cases, an area from which a tachycardia is likely to arise can be determined by the 12-lead ECG. A lack of precision in identifying the precise exit site is expected; however, the ability to regionalize a tachycardia can facilitate mapping of that tachycardia by allowing the investigator to focus on a specific region. Role of Pace Mapping in Determining the Site of Origin of Ventricular Tachycardia Because it may not be possible to map all VTs that occur either spontaneously or are initiated in the laboratory, pace mapping has been suggested as a means to identify the site of origin of tachycardias that are not mapped. By this technique, the site from which pacing produces the same QRS morphology as VT would identify the site of origin of that tachycardia ( 313). However, we have previously shown, particularly for anterior infarction, that the QRS morphology may not correlate with a specific site of origin ( 311,312) regardless of whether that site of origin is determined by mapping during VT or by pacing from a specific site. Thus, it is not surprising that pace mapping suffers from the same limitations. Although it is not uncommon to have a similar or even nearly identical morphology result when pacing a known site of origin or exit site determined by mapping ( Fig. 11-249 and Fig. 11-250), pacing various sites within the ventricle and producing a QRS morphologic pattern identical to the tachycardia in the absence of a known site of origin is extremely difficult. Even when one knows the general region from which the tachycardia must originate, because of limitations described earlier, pacing within 2 cm can result in morphologies of different axes or on occasion even different bundle branch block configurations (Fig. 11-251).



FIG. 11-249. Pace mapping of a tachycardia originating at the superior apical septum. VT is shown with a left bundle branch block inferior axis morphology. Pacing from that site produces a similar, but not identical, QRS as the tachycardia morphology. Note the long stimulus-to-QRS interval of approximately 140 msec. This was similar to the degree of presystolic activity at that site. See text for discussion.



FIG. 11-250. Pace mapping of a tachycardia from the inferobasal part of the heart. The heart is opened up on the left, with the shaded area identifying the site of origin. Spontaneous tachycardia is shown with a right bundle, right superior axis morphology. Pacing from the site almost reproduces the tachycardia morphology. (From: Josephson ME, Waxman HL, Cain ME, et al. Ventricular activation during ventricular endocardial pacing II. Role of pace-mapping to localize origin of ventricular tachycardia. Am J Cardiol 1982;50:11.)



FIG. 11-251. Pace mapping from the same and adjacent sites. The heart is schematically shown with the shaded area indicating the site of origin of the spontaneous tachycardia (bottom left). Pacing from that site (bottom right) replicates the tachycardia. Pacing 1 cm away on the septum produces either a similar morphology (middle right) or a totally different morphology with an inferior axis ( top right). See text for discussion. (From: Josephson ME, Waxman HL, Cain ME, et al. Ventricular activation during ventricular endocardial pacing II. Role of pace-mapping to localize origin of ventricular tachycardia. Am J Cardiol 1982;50:11.)



The angle of contact of the catheter to the ventricular wall and the area over which the current is delivered (particularly where high current is required for relatively inexcitable tissue) can influence the pattern of subsequent ventricular activation. Because the QRS morphology depends on global activation, and is centrifugal in response to pacing in sinus rhythm, pacing will result in a different QRS morphology than during the tachycardia. This severely limits the use of pace mapping. Although an exact match usually means that the pacing site is close to the site of the tachycardia, exact matches are rare. Conversely, if one paces during the tachycardia, and entrains the VT, it may be possible to replicate the VT morphology by pacing sites distant from exit site, because the tachycardia wavefront will influence the pattern of activation of the stimulated wavefront. The stimulated wavefront is “physiologically forced” to follow the same route of activation as the tachycardia during entrainment such that the resultant QRS will mimic the tachycardia QRS as long as pacing is carried out between the entrance and exit of the protected isthmus. This can be accomplished over an area of several centimeters and provides one of the diagnostic features of entrainment mapping. A method by which pace mapping can be further refined is to demonstrate that activation to different sites, such as the RV reference electrogram, is the same during pacing as during the tachycardia ( Fig. 11-252). This would further corroborate that the stimulation site is near the tachycardia exit site and that the wave of activation from this site is similar to that during VT. However, differences in conduction during pacing in sinus rhythm and VT originating or exiting at the same site can lead to different patterns of ventricular activation. An identical match is useful, but absence of a match does not mean one is not at the site of origin or exit site. Thus, I believe that pace mapping remains at best a corroborative method of localizing tachycardias. Pacing during a tachycardia in combination with activation mapping of VT and resetting provide the optimal method of identifying the site of origin. If one cannot map tachycardias using the methods outlined earlier in the chapter, pace mapping coupled with substrate mapping (i.e., abnormalities of electrograms that identify potential arrhythmogenic substrates) may provide information upon which ablation can be directed. This will be discussed further in Chapter 14.



FIG. 11-252. Comparison of ECG morphology and interventricular conduction time during VT and pacing. ECG leads 1, aVF, and V 1 are shown with a reference electrogram from the RVA and from site 1 in the LV. Site 1 was the site from which the earliest presystolic activity could be recorded. Conduction time from site 1 to the RVA recording was 142 msec during the tachycardia. Pacing at this site during sinus rhythm at a rate similar to that during tachycardia resulted in an identical QRS pattern and an interventricular conduction time similar to that during VT. (Adapted from: Josephson ME, Horowitz LN, Spielman SR, et al. Comparison of endocardial catheter mapping with intraoperative mapping of ventricular tachycardia. Circ 1980;61:395.)



VENTRICULAR STIMULATION IN MISCELLANEOUS DISORDERS Although sustained and nonsustained VT are arrhythmias for which electrophysiologic studies may provide useful information concerning both mechanism and therapy, there is less agreement about the use of electrophysiologic studies in other situations. The use of programmed stimulation following myocardial infarction to identify patients at high risk is highly controversial. Similarly, the use of programmed stimulation in patients with isolated VPCs should be regarded as highly experimental. The results of the MADIT (231) and MUSTT (224) trials suggest that in the presence of a diminished ejection fraction (


careful history and physical exam, the workup of syncope should obviously include a workup for neurocardiac causes, sinus node dysfunction, A–V conduction disorders (particularly when bundle branch block is present), supraventricular tachyarrhythmias, and most importantly, programmed ventricular stimulation when organic heart disease is present. We have found that nearly 50% of patients with cardiac disease, particularly prior infarction, who suffer from syncope have sustained and/or symptomatic VT induced by programmed stimulation (321,326). Others have confirmed the high incidence of ventricular arrhythmias in such patients (320,322,323,324 and 325,326). The risk of cardiac death is high in patients with cardiac disease presenting with syncope and is highest in patients with syncope who are being treated for prior documented life-threatening arrhythmias. We have been able to demonstrate that treatment of syncope, particularly that associated with induction of sustained ventricular arrhythmias, based on electrophysiologic techniques, has led to an outcome comparable to those patients in whom nothing was found at EPS (326). Link et al. (328) have demonstrated approriate ICD therapies in patients with syncope and inducible VT in whom ICDs were implanted. Although the utility of electrophysiologically guided therapy for syncope has not been documented in a double-blind, randomized, controlled trial, the demonstration that effective control of arrhythmias portends a good prognosis, suggests that (a) the results of the electrophysiologic study are clinically significant and (b) treatment of the responses induced by programmed stimulation provides therapeutic benefit to the patient. How stringent should programmed stimulation be in patients without documented sustained ventricular arrhythmias who have syncope? In patients with normal hearts, we have refrained from using triple extrastimuli because, in our experience, all that is likely to be induced is polymorphic VT, with or without degeneration to VF. As noted earlier in this chapter, in normal hearts this is usually a nonspecific response that can be found in asymptomatic patients. Thus, in patients with normal hearts and syncope, in my opinion, polymorphic VT/VF should not be interpreted as meaningful. Even in patients with heart disease, controversy exists concerning the appropriate aggressiveness of programmed stimulation. In patients with chronic coronary artery disease, prior infarction, especially in the presence of aneurysm, I believe that the investigator should use a standard protocol because sustained uniform VT may be induced. I consider the induction of sustained monomorphic VT as being meaningful. This is particularly true when an aneurysm is present. Polymorphic VT/VF should not be considered meaningful in such patients although the change of polymorphic VT by type I agents to uniform VT appears to identify a subgroup in which the induced arrhythmia is meaningful ( 130,131). Failure of a type I agent to transform the arrhythmia to uniform VT should not, however, be interpreted as a good response. In patients with cardiomyopathy, the induction of polymorphic VT/VF by triple extrastimuli is so common that its induction does not distinguish patients with syncope from those without syncope. Therefore, in patients with cardiomyopathy, we do not consider polymorphic VT/VF, particularly when induced by triple extrastimuli, to be a meaningful response. It is my impression that many investigators have used the induction of polymorphic VT/VF as a marker for risk of sudden death in cardiomyopathic patients and have subsequently treated these patients with ICDs. I do not believe this is justified because the incidence of induction of polymorphic VT/VF in patients with idiopathic dilated cardiomyopathy exceeds 50% regardless of symptomatology. If one were to implant such devices in all patients with inducible polymorphic VT/VF, it would subject an enormous number of patients to the morbidity, mortality, and cost of such devices and would not deal with the remaining patients who also are at risk for sudden death. We need better predictors for risk of sudden death before such devices may be implanted prophylactically. Recently Knight, et al. (329) suggested that unexplained (by history) syncope in patients with cardiomyopathy and low ejection fractions (
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The application of recording and stimulation techniques has made it possible to evaluate the electrophysiologic effects and preferential sites of action of the entire spectrum of antiarrhythmic agents. Knowledge of major sites and characteristics of drug action may provide a database for the selection of safe and effective agents for acute and chronic therapy. The reproducible initiation and termination of paroxysmal supraventricular and ventricular tachyarrhythmias allow the electrophysiologist to develop pharmacologic means to predict successful drug therapy. This chapter presents a discussion of the current classification and action of antiarrhythmic agents and how they relate to clinical effects in humans as well as their value as antiarrhythmic agents. The use of programmed stimulation to develop therapy for tachyarrhythmias will also be outlined in detail.



CLASSIFICATION OF ANTIARRHYTHMIC AGENTS Theoretically, the choice of an antiarrhythmic agent should be based on the drug's known electrophysiologic effects and the relationship of such effects to the arrhythmia in question. Thus, drugs having potent electrophysiologic effects on specific cardiac tissues should be chosen to treat arrhythmias arising from those tissues. The ideal situation would be the ability to select an antiarrhythmic agent that had specific activity against arrhythmia mechanisms (i.e., automaticity, triggered activity, or reentry) involving particular cardiac tissues. In other words, the pharmacologic therapy of an arrhythmia would depend on both the mechanism and the site of the arrhythmia. Unfortunately, this is not the case. As such, choice of the antiarrhythmic agent is dictated solely on the ability of a drug to produce electrophysiologic changes in specific arrhythmogenic tissue. Such empiricism is a consequence of (a) a limited understanding of drug action in vivo and (b) the reliance of in vitro drug classifications, which are based on how drugs affect ionic currents and not on how they influence arrhythmias. Therefore, we need a better understanding of how individual drugs work on specific arrhythmogenic tissues in vivo to learn why a given antiarrhythmic agent is either antiarrhythmic or proarrhythmic. In Vitro Classification of Antiarrhythmic Agents The most commonly used classification of antiarrhythmic drugs is based on the ability of a drug to block specific ionic currents (e.g., sodium, potassium, or calcium), as well as those that block beta adrenergic receptors ( 1,2 and 3). Thus, Class 1 agents are those that primarily block the fast sodium channel. These agents have been further subdivided into lA, lB, and lC agents. Class lA agents include quinidine, procainamide, and disopyramide, all of which are characterized by slowing the maximum rate of rise of the action potential as well as by increasing action potential duration. Class lB drugs are those that allegedly have little effect on the maximum rate of rise of the action potential and tend to shorten action potential duration. Included in this group are lidocaine, phenytoin, mexiletine, and tocainide. Finally, lC drugs, which include flecainide, encainide, moricizine, and propafenone, are those that primarily slow conduction by depression of the maximum rate of rise of depolarization of the action potential with minimal prolongation of refractoriness. Class 2 drugs fall under the general heading of beta-blockers. Propranolol is the paradigm of this class of agents, which now includes a host of other agents such as metoprolol, nadalol, timolol, acebutolol, atenolol, and pindolol. Class 3 agents are those that block repolarization currents (i.e., potassium channels) and prolong action potential duration. Included in this group are amiodarone, dofetilide, bretylium, sotalol, and the major metabolite of procainamide, n-acetyl procainamide. Class 4 agents are those agents that block the calcium channel. Verapamil is the paradigm, with a whole host of calcium-blockers appearing over the past few years (i.e., amlodipine, felodipine, diltiazem, nifedipine, etc.). In my opinion, this classification suffers many limitations and has little value in assessing the choice of antiarrhythmics for a given arrhythmia. Some of these limitations follow: (a) The classification is based on in vitro studies of isolated cell types, usually the normal Purkinje fiber or, in some instances, on A–V nodal fibers. The failure to consider other tissue types and, more importantly, abnormal tissues (e.g., ischemic fibers) leads to inadequate, and often misleading, information. For example, ischemic fibers are composed of cells that have lower resting membrane potentials and depressed fast sodium channel activity and, in addition, demonstrate abnormal intercellular coupling ( 4,5). Such fibers exhibit slow conduction and postrepolarization refractoriness; that is, the refractory period extends beyond completion of repolarization. In such fibers, Class lB agents readily produce block. (b) Drugs have complex actions. Drugs may affect multiple channels (i.e., sodium channels to depress Vmax and potassium channels to prolong repolarization), and/or may affect both the autonomic nervous system as well as ionic channels (i.e., Class lA agents all have vagolytic activity, and both amiodarone and propafenone have beta-blocking activity). Moreover, antiarrhythmic agents can depress myocardial function, resulting in altered hemodynamics and autonomic reflex activity, which in turn can affect antiarrhythmic drug action. Finally, some drugs have metabolites, which may be more active and/or have different pharmacokinetics than the parent drug, neither of which is tested in vitro. (c) Drugs exert greater electrophysiologic effects at different rates of stimulation and after prolonged periods of stimulation (i.e., use-dependence) ( 6,7,8,9 and 10). The ability to bind and dissociate rapidly from channels is highly variable. For example, Class lB drugs have rapid kinetics (i.e., rapid binding and dissociation), while lC drugs have slow kinetics. Class lA drugs are intermediate. Thus, lB agents will demonstrate minimal effects at relatively slow rates, while lC agents will demonstrate significant effects at comparable or even slower rates. In addition, cells that are partially depolarized (e.g., secondary to ischemia) are associated with much slower binding kinetics of antiarrhythmics than those at more negative membrane potentials. This is one of the causes of postrepolarization refractoriness noted in such fibers. (d) Related to use-dependence is a model proposed by Hondeghem and Katzung ( 11,12 and 13) termed the “modulated receptor hypothesis.” By this hypothesis, antiarrhythmic agents interact with receptors in the membrane in either the resting, activated, or inactivated state. These interactions are voltage and time dependent and appear operative for both sodium and calcium channels. Some drugs are bound primarily in the active state (i.e., Class lB agents), while others are primarily bound in the inactive state (i.e., amiodarone) ( 14), and some are bound in both active and inactive states. Use-dependence and the modulated receptor hypothesis are interactive and may lead to totally different conclusions about the electrophysiologic effects of a given agent than if the agent was evaluated on a normal isolated Purkinje fiber at a slow rate. (e) Alterations in cellular metabolism and the intra- and extracellular ionic milieu can affect a drug's actions. Changes in extracellular potassium, intracellular calcium, and pH can affect active membrane currents through ionic channels and may induce nonspecific ionic channels ( 5,15,16,17 and 18). In addition, increased intracellular calcium decreases intercellular coupling and impairs propagation of impulses. The inhibition of the sodium/ potassium pump by digitalis and the sodium/calcium pump during ischemia may also affect the action of antiarrhythmic agents. (f) Alterations in circulating catecholamines and in autonomic tone can alter electrophysiologic drug action. Many of the effects on sodium, potassium, and calcium channels can be reversed by enhanced sympathetic tone or circulating catecholamines (19). (g) Little attention has been paid to the influence of drugs on passive membrane properties, in particular, their effects on the coupling of cells and propagation through anisotropic (particularly nonuniform anisotropic) tissues. The effects on passive membrane properties may differ among agents of the same class (20). Preliminary data suggest that an agent may affect conduction longitudinal to fiber orientation differently than that transverse to fiber orientation ( 21). It is clear, therefore, that the simple classification of antiarrhythmic agents that is most widely used provides insufficient information relative to electrophysiologic action in vivo and even less information relative to a drug's antiarrhythmic effects. The “classic” mechanism of action of these antiarrhythmic agents is shown in Table 12-1. One must remember that these “actions,” which are based on data from single-cell microelectrode recordings, whole-cell voltage clamping, and patch clamping, simply reveal how these drugs modify ionic conductance in normal tissues. To better understand how drugs may act in humans, it is important to study the electrophysiologic effects of these agents on the human in vivo so that one might understand a drug's action on that tissue.



TABLE 12-1. In Vitro Electrophysiologic Characteristics



EVALUATION OF ELECTROPHYSIOLOGIC EFFECTS OF DRUGS IN HUMANS Using standard intracardiac recording and stimulation techniques, one can determine the effects of individual drugs on specific cardiac tissue. As noted in Chapter 2 and Chapter 3, measurements of sinoatrial conduction time and automaticity, as well as conduction and refractoriness in the atrium, A–V node, His-Purkinje system, and ventricle during sinus and paced rhythms are readily obtainable and generally reproducible. A summary of the electrophysiologic properties of various currently available and some promising experimental antiarrhythmic agents in humans is shown in Table 12-2 and Table 12-3 (22,23,24,25,26,27,28,29, 30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60, 61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84, 85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104 and 105). Data used in Table 12-2 apply to the effects of these agents on nonischemic, normal tissues measured in sinus rhythm or during pacing from standard right atrial and right ventricular sites (see Chap. 2). Limitations of such measurements and suggestions for other parameters to be studied are discussed in subsequent paragraphs.



TABLE 12-2. In Vivo Electrophysiologic Characteristics of Antiarrhythmic Drugs Electrophysiologic Effects



TABLE 12-3. In Vivo Electrophysiologic Characteristics of Antiarrhythmic Drugs Electrocardiographic Effects



Besides evaluating the effect of antiarrhythmic agents on conduction (intra-atrial, A–V nodal, His-Purkinje, and intraventricular) and refractoriness, measurements of threshold of excitability and strength-interval curves ( 106,107) should also be performed. The frequency-dependent effects of these drugs should be evaluated by assessing the effects of different drive cycle lengths on these parameters. Several investigators have demonstrated use-dependent effects in vivo using canine models as well as in humans (93,106,108,109,110 and 111). The effects of procainamide on cycle length-induced changes in threshold of excitability of the human atrium as well as on strength-interval curves in the human ventricle are shown in Figure 12-1 and Figure 12-2 (106,111). In a preliminary study, propafenone caused pronounced cycle length-dependent changes in threshold of excitability in 25% of the patients studied that were associated with marked prolongation of refractoriness and clinical efficacy ( 112). The effects of procainamide and other agents on cycle length-dependent changes in refractoriness and/or strength-interval curves may therefore be clinically meaningful. For example, the blunting or reversal of cycle length-dependent shortening of refractoriness by an antiarrhythmic agent may signify an important electrophysiologic response that predicts clinical efficacy ( 7,8). The effect of agents on interval-dependent conduction delay in response to extrastimuli may also provide clinically useful data in the management of certain arrhythmias ( 111,113). More data are required relating efficacy and frequency or interval-dependent effects of agents on threshold of excitability, conduction, and refractoriness. This should be a major area of clinical investigation in the next few years.



FIG. 12-1. Effect of procainamide on threshold of excitability. The threshold of excitability is shown on the vertical axis and paced cycle length (PCL) during baseline and following procainamide infusion. During baseline there is no change in excitability as the PCL decreases from 600 to 450 msec; however, at 300 msec the threshold of excitability significantly rises. Following procainamide the threshold of excitability is slightly increased at a PCL of 600 and 450 msec compared to control, but they are not different from each other. At 300 msec there is a marked increase of the threshold of excitability, which is statistically significant from the other PCLs during procainamide infusion and at a PCL of 300 msec before procainamide. (From: Buxton AE, Marchlinski FE, Miller JM, et al. The human atrial strength-interval



relation. Influence of cycle length and procainamide. Circ 1989;79:271–280, with permission.)



FIG. 12-2. The effect of procainamide on strength-interval curves . The stimulation strength is shown on the vertical axis and the measured ventricular effect of refractory period (VERP) on the horizontal axis. Following procainamide the curve is shifted somewhat upward and to the right compared to the control. See text for discussion. (From: Camardo JS, Greenspan AM, Horowitz LN, et al. Strength-interval relation in the human ventricle: Effect of procainamide. Am J Cardiol 1980;45:856–860.)



As noted previously, the presence of disease states can markedly influence the effect of a drug on conduction or refractoriness. An example is shown in Figure 12-3, in which lidocaine, a drug that is supposed to have no significant effect on A–V nodal or His-Purkinje conduction, produces ventricular asystole in a patient with left bundle branch block and prolonged H–V conduction. Block is produced in the A–V node, as is marked depression of conduction in the His-Purkinje system (H–V increased from 50 to 95 msec on conducted beats). Thus, the presence of abnormal AV nodal function and His-Purkinje function (manifested by left bundle branch block) can provide a substrate in which lidocaine is able to markedly impair conduction. One must be cognizant of such potential responses when using drugs in patients with diseased conducting systems.



FIG. 12-3. Effect of lidocaine on abnormal tissue. A to D. Top to bottom, leads 1, 2, 3, high right atrial (HRA), His bundle electrogram (HBE), and time lines (T). Before lidocaine administration, left bundle branch block with prolonged (A–V) conduction is observed. The A–H interval is 235 msec and H–V 50 msec. Following lidocaine complete A–V block is produced with failure of conduction localized to the A–V node. Conduction resumes in 3 seconds, at which time the H–V is markedly increased to 95 msec. See text for discussion.



In addition to the limitations of measurements and conduction and refractoriness, discussed previously here and in Chapter 2, other methodological problems must be considered and understood by the investigator. These problems include the following: 1. Conduction and refractory period measurements (both of which are based on the ability to record propagated impulses) are generally reproducible (±10 msec), over a period of several hours for the atria, His-Purkinje system, and ventricles. However, they are not nearly as consistent for measurements of electrophysiologic characteristics of the sinus and A–V nodes (111). This discrepancy is due to the important autonomic influence on function of the sinus and A–V nodes that can vary from moment to moment. Such changes in autonomic tone can alter sinoatrial conduction and recovery times, A–H intervals, and A–V nodal refractory periods by as much as 20% during a single study. While there is an influence of the autonomic nervous system on the atrium, His-Purkinje system, and ventricle ( 66), in most cases it is not significant enough to affect the reproducibility of measurements. However, unless the patient is in a truly basal state throughout the study, the effects of drugs on the sinus and A–V nodes, in particular, must be interpreted with caution. 2. Refractory period measurements should be performed at comparable stimulus strengths before and after administration of an antiarrhythmic agent. Generally, refractory period measurements are performed using stimuli at twice the diastolic threshold. The current needs to be checked before and after drug administration to ensure that stimulation is carried out at comparable current strengths relative to threshold. This also provides information about the drug's effect or threshold of excitability, which as stated above, may be clinically relevant. In the performance of strength-interval curves, as the current used is increased from threshold to 10 mA, we have observed a decrease in the measured refractory period of 20 to 100 msec (mean »40 msec) in the atrium and ventricle ( 107). Of interest is the fact that once the absolute value of current exceeds 5 to 6 mA (using 1-msec pulse width), there is little change in the measured refractoriness; that is, the steep portion of the strength-interval curve has been reached. Thus, while most laboratories use twice diastolic threshold to measure refractoriness, strength-interval curves, or the use of 10 mA routinely may provide more reliable information since the steep portion of the strength interval curve appears to always be reached by 10 mA. Whether use of this measurement has clinical significance is uncertain; it would, however, ensure that local tissue refractoriness is not the limiting factor in induction of arrhythmias. This has to be weighed against the induction of atrial or ventricular fibrillation using these current strengths. However, it is important that investigators use comparable current strengths before and after an antiarrhythmic agent. 3. Assessment of refractory periods of the A–V node or His-Purkinje system is impossible if the functional and/or effective refractory period of the atrium exceeds the refractory period of these subatrial structures. Similarly, if the functional refractory period of the A–V node exceeds the relative and effective refractory period of the His-Purkinje system, the latter measurement cannot be determined. Difficulties may be encountered during the control study, or they may be produced following antiarrhythmic drug administration. Therefore, it may not be possible to determine the effect of a drug on A–V nodal or His-Purkinje refractoriness if atrial refractoriness is prolonged beyond the A–V nodal refractory period. 4. The effect of an antiarrhythmic agent administered intravenously may not be the same as the effect of a drug given orally, even when blood levels are comparable. This is particularly true of an antiarrhythmic drug's effect on sinus and A–V nodal function, especially if the drug has effects that are mediated via the autonomic nervous system. Moreover, if the diluent in which the drug is prepared has vasodilatory properties, or if the drug itself induces alterations in systemic blood pressure, this may result in enhanced sympathetic tone, producing a different electrophysiologic effect than when the drug is administered orally. This was shown by Klein and his colleagues (90) to be particularly important in assessing the effect of verapamil on the anterograde refractoriness of an A–V bypass tract. Whereas intravenous verapamil produces hypotension, and secondarily enhances sympathetic tone producing a decrease in the refractory period of the bypass tract, oral administration of that agent does not significantly affect the refractory period of the bypass tract ( 90). Moreover, hypotension may limit the amount of a drug that can be administered intravenously; in such cases, higher doses of these agents can be given orally, resulting in higher plasma levels and greater electrophysiologic effects. In our experience, electrophysiologic effects of intravenously administered Group lA drugs (procainamide and quinidine) are similar to the effects ascertained following oral administration (40). This is remarkable, particularly for procainamide, since its major metabolite, n-acetyl procainamide, has electrophysiologic effects. Nonetheless, we have demonstrated that the clinical efficacy of these agents can be predicted if administered acutely, as long as hypotension and myocardial depression do not take place. In view of the fact that the rate of administration can markedly influence the hemodynamic response, we recommend that class III studies always be



determined on chronic oral doses of various agents. This observation suggests limited clinical antiarrhythmic efficacy of n-acetyl procainamide. 5. A single dose of a given agent may be inadequate to assess its range of effects; therefore, multiple incremental doses should be evaluated, particularly if no effects are noted initially. For example, minimal effects on His-Purkinje function may be noted in response to Group lA drugs at one plasma level, whereas at a slightly higher level, marked and potentially dangerous depression of conduction can be observed. This is especially true if the use-dependent effects of the antiarrhythmic agents are assessed (109). Thus, the electrophysiologic properties of antiarrhythmic agents should be evaluated with respect to the potential doses and plasma levels that might be used clinically. One should not neglect the use-dependent effects of antiarrhythmic agents at any dose. This is important in assessing their clinical efficacy since these agents are usually used to treat tachyarrhythmias; thus, the effect of a single dose of an agent at baseline heart rate may not yield information relative to its action during a tachycardia. 6. The electrophysiologic effects of antiarrhythmic agents may differ if administered during acute ischemic states rather than if measured during stable conditions. There are only limited data available on the effects of antiarrhythmic agents during acute infarction or ischemia, but as noted previously, ischemia-associated depression of sodium channels can markedly influence the potency of various antiarrhythmic agents on conduction and refractoriness ( 5). Similarly, the effects of antiarrhythmic drugs may be different in patients with and without conduction disturbances, and progression of conduction defects may be noted in response to individual agents. This was shown earlier in a case of lidocaine-induced heart block. Thus, apparent conduction defects can be aggravated, and latent defects can be unmasked in the presence of a specific antiarrhythmic agent. As noted in Chapter 4, this phenomenon may provide a pharmacologic “stress test” for the A–V conduction system in patients with prior conduction defects. 7. Electrophysiologic effects of antiarrhythmic agents on the atrium and ventricle are generally determined at sites of stimulation in the high right atrium and right ventricular apex. These are frequently normal sites and not the sites of arrhythmogenesis . It would be more important to assess the effects of drugs on the arrhythmogenic tissue than on normal tissue. Little data of the effect of drugs on arrhythmogenic substrates are available. We have analyzed the effects of lidocaine and procainamide on arrhythmogenic ventricular tissue, i.e., tissue manifesting abnormal fractionated electrical activity (see Chap. 2 and Chap. 11). These areas of fractionated electrical activity in the left ventricle occur as a result of infarction, which leads to separation of viable muscle fibers by scar tissue. We have shown that these are areas from which ventricular tachycardias arise. We have studied the effect of lidocaine and procainamide on these fractionated and abnormal electrograms and compared their effects to that on normal electrograms from the right ventricle ( Table 12-4, Table 12-5 and Table 12-6) (114). These studies reveal lidocaine had little effect on electrogram duration from both normal and abnormal sites during sinus rhythm or ventricular pacing at 600 msec ( Fig. 12-4). On the other hand, procainamide had a similar effect on the duration of normal and abnormal electrograms ( Fig. 12-5). These findings suggest that the tissue from which the electrograms arise is composed of nearly normal ventricular myocytes. If the arrhythmogenic myocardium was composed of fibers exhibiting depressed sodium channels or slow response fibers, lidocaine would have affected them markedly, and procainamide would have not affected them had they been associated with calcium-mediated slow responses. In fact, in a few patients we have been able to study the effect of verapamil on such abnormal electrograms and, indeed, no effect of the drug on fragmented electrograms was noted (see Fig. 12-6). Of note, the QRS duration in sinus rhythm and during ventricular pacing increased following procainamide but not following lidocaine ( Table 12-4 and Table 12-5). All of these support the belief that the arrhythmogenic substrate is in fact composed of normally polarized fibers, but the fractionated electrograms are due to saltatory conduction produced by poor coupling of cells and nonuniform anisotropy. While Kadish et al. (21) have suggested that procainamide may affect conduction parallel to longitudinal orientation slightly more than conduction transverse to fiber orientation tissues in relatively uniform anisotropic canine tissue at paced rates of 1000 to 400 msec, no data are available concerning the directional effects of propagation in nonuniform anisotropic tissue. A study from our laboratory ( 115) demonstrated that procainamide had a greater effect on conduction through the abnormal arrhythmogenic substrate than a normal tissue at fast paced rates, that is, cycle lengths of 300 msec (see Fig. 12-7 and Fig. 12-8). While pacing at 600 and 400 msec showed no significant change in electrogram duration in normal and abnormal sites, when the paced cycle length was reduced to 300 msec, a significant increase in electrogram duration at abnormal sites was noted following procainamide. While there was a small increase in electrogram duration at normal sites produced by procainamide at all cycle lengths, which was comparable to the increase in electrogram duration in abnormal sites at 600 and 400 msec, at paced cycle lengths of 300 msec, the increase in electrogram duration was significantly greater in abnormal sites (see Fig. 12-7). Occasionally, loss of a component of an electrogram could be noted and, in some instances, progressive prolongation of the electrogram led to initiation of ventricular tachycardia (see Chap. 11). These findings suggest that in arrhythmogenic ventricular tissue procainamide produces a cycle length-dependent effect on saltatory conduction that is beyond its use-dependent effects. More research is mandatory to study the effects of antiarrhythmic agents on arrhythmogenic tissue. It is only through such studies that one may begin to understand the antiarrhythmic effects of antiarrhythmic agents. This last point is one of the major limitations in evaluating antiarrhythmic efficacy and mechanism. To summarize, drug effects are not generally measured at the arrhythmogenic site. Thus, extrapolation of measurements from either the right atrium or right ventricle to arrhythmogenic sites in either the atria or left ventricle is not necessarily valid; that is, tissue other than at sites of atrial and right ventricular stimulation (e.g., left atrium and left ventricle) may differ in active and passive electrophysiologic properties. Further discussion on evaluation of antiarrhythmic drug action will be discussed later in this chapter. Limitations of studying the electrophysiologic properties of antiarrhythmic agents in humans are summarized in Table 12-7.



TABLE 12-4. Effects of Lidocaine on QRS Width and Electrogram Duration (msec)



TABLE 12-5. Effects of Procainamide on QRS Width and Electrogram Duration (msec)



TABLE 12-6. Amplitude (in mV)



FIG. 12-4. Effect of lidocaine on normal and fragmented electrograms. Leads 1, aVF, and V1 are shown with electrograms from the right ventricular outflow tract (RVOT), right ventricular apex (RVA), and the left ventricle (LV) at variable and fixed gains. Time lines and calibration signals are shown. The small arrows denote the sites of measurement of electrograms. Note that the normal electrograms from the RV and markedly abnormal electrogram from the LV are unaffected by lidocaine. See text for discussion. (From: Schmitt CG, Kadish AH, Marchlinski FE, et al. Effects of lidocaine and procainamide on normal and abnormal intraventricular electrograms during sinus rhythm. Circ 1988;77:1030–1037.)



FIG. 12-5. Effect of procainamide on normal and abnormal electrograms . This tracing is organized the same as Fig. 12-4. Following procainamide, the QRS width, electrograms from the RV, and LV all prolong. A relatively similar increase of normal and abnormal electrograms in response to procainamide suggests that the fibers responsible for their generation are not associated with slow potentials. See text for discussion. (From: Schmitt CG, Kadish AH, Marchlinski FE, et al. Effects of lidocaine and procainamide on normal and abnormal intraventricular electrograms during sinus rhythm. Circ 1988;77:1030–1037.)



FIG. 12-6. Comparison of lidocaine and verapamil on abnormal electrograms. Leads 1, 2, and V 1are shown with electrograms from the HRA, RV, and unipolar and two bipolar electrograms from an abnormal LV site. The small arrows denote the width of the abnormal electrogram. Following lidocaine and verapamil, there is no significant change in electrogram configuration or duration. See text for discussion.



FIG. 12-7. Effect of procainamide on electrogram duration at various paced cycle lengths. The percentage (%) of change in electrogram (EG) duration is shown on the vertical axis, and the paced cycle lengths (PCL) at which electrogram durations were measured are shown on the horizontal axis. Following procainamide, there is a significant increase in both normal and abnormal electrograms at a PCL of 300 msec. While the difference in effect on normal and abnormal electrograms at a PCL of 600 and 400 msec is not significantly different, the marked increase in electrogram duration at abnormal sites following procainamide at a PCL of 300 msec is significantly different from abnormal electrograms at other PCLs. See text for discussion. (From: Schmitt C, Kadish AH, Balke WC, et al. Cycle length-dependent effects on normal and abnormal intraventricular electrograms: effect of procainamide. J Am Coll Cardiol 1988;12:395–403.)



FIG. 12-8. Effect of procainamide on fractionated electrograms. This tracing is set up similarly to Fig. 12-5. Pacing from the RVA at cycle lengths of 500, 400, and 300 msec is shown before and after procainamide. In the control state no significant change in the fractionated electrogram is shown at each paced cycle length. Similarly, in a qualitative sense, there is no change in the electrogram from the RVOT. Following procainamide, although there is a minimal change in duration of the RVOT electrogram, the electrogram from the LV becomes markedly splintered and at a paced cycle length of 300 msec is split. See text for discussion. (From: Schmitt C, Kadish AH, Balke WC, et al. Cycle length-dependent effects on normal and abnormal intraventricular electrograms: effect of procainamide. J Am Coll Cardiol 1988;12:395–403.)



TABLE 12-7. Limitations in Evaluating Antiarrhythmic Drug Action



SELECTION OF ANTIARRHYTHMIC DRUG THERAPY FOR REENTRANT TACHYCARDIAS Use of Programmed Stimulation The ability to reproducibly initiate a tachycardia provides an objective method by which the efficacy of an antiarrhythmic agent in preventing the arrhythmia can be tested. The use of electrophysiologic testing to analyze the effects of different drugs, singly or in combination, can provide a relatively rapid and rational method of selecting drug therapy ( 116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133 and 134). Support for this method has evolved because of the realization that patients with the same arrhythmia can respond quite differently to antiarrhythmic agents of the same group. Such an approach can save substantial time involved in empiric “trial and error therapy,” the efficacy of which must be based on the frequency of symptoms, the ability of ambulatory monitoring to record such events, and in the case of malignant ventricular arrhythmias, sudden death. The paroxysmal nature of most reentrant arrhythmias makes the use of Holter monitoring less reliable as an indicator of effective therapy. The limitations of Holter monitoring for the management of such arrhythmias are (a) the infrequent nature of spontaneous ectopy, (b) the spontaneous variability of such activity, and (c) the inability of suppression of ambient ectopy to predict prevention of the sustained arrhythmias for which the therapy is given. This is particularly true in the case of ventricular arrhythmias ( Fig. 12-9).



FIG. 12-9. A lack of correlation of spontaneous ectopy with recurrences of ventricular tachycardia (VT). The number of ventricular premature depolarizations (VPD) per hour is shown on the vertical axis in a logarithmic scale, and the dates over which recordings were made are shown on the horizontal axis. Episodes of spontaneous sustained VT are shown with the inverted vertical arrows. The timing of administration of various antiarrhythmic agents is shown in rectangular boxes. An increase in the box width represents an increase in the dose. Note that recurrent episodes of sustained VT occur following all antiarrhythmic agents and there is no relationship to the presence or absence of spontaneous ectopy. (From: Horowitz LN, Josephson ME, Kastor JA. Intracardiac electrophysiologic studies as a method for the optimization of drug therapy in chronic ventricular arrhythmia. Prog Cardiovasc Dis 1980;23:81–98.)



The use of an electrophysiologic protocol for drug selection is based on two assumptions: (a) The tachycardia initiated in the laboratory by programmed stimulation is identical to that occurring spontaneously, and (b) the response of antiarrhythmic agents in the laboratory predicts the clinical response. Both of these assumptions appear well established in the case of paroxysmal supraventricular tachycardias and sustained uniform ventricular tachycardia (VT) (as long as a 12-lead electrogram during the spontaneous episode is available to compare to the induced arrhythmia). While it is rarely possible to record the rhythm initiating cardiac arrest, as has been discussed in detail in Chapter 11, most episodes appear to be initiated by either a uniform VT, which produces hemodynamic collapse or degenerates into ventricular fibrillation, or a rapidly accelerating VT, uniform or polymorphic, degenerating into ventricular fibrillation after a variable amount of time. Our experience and that of many institutions have supported the clinical utility of programmed stimulation for developing drug therapy for these arrhythmias (121,122,123,124,125,126,127,128,129,130,131,132,133 and 134). While pharmacolgic therapy has assumed a secondary role for the treatment of malignant ventricular arrhythmias because of the demonstrated superiority of ICDs in preventing sudden death, pharmacologic therapy is still required to (a) prevent recurrences resulting in multiple ICD discharges and (b) slow the VT cycle length to facilitate antitachycardia pace-termination (see Chap. 13). Grayboys et al. (135) suggested that noninvasive methods (Holter monitoring and exercise testing) yield a similar outcome to programmed stimulation. Several small studies suggested that programmed stimulation more accurately predicts success of pharmacologic therapy than Holter monitoring in the case of sustained ventricular tachyarrhythmias (130,136,137). The electrophysiologic versus electrocardiographic monitoring (EVSEM) trial was a prospective multicenter trial that compared the outcome of patients in whom antiarrhythmic therapy with Class I agents or sotalol was guided by serial electrophysiological study with the outcome of patients in whom therapy was guided by ambulatory ECG monitoring. The 486 patients in this trial had documented sustained ventricular arrhythmias (85%) or resuscitated



sudden death that were inducible during electrophysiologic study and had significant, measurable ectopy on Holter monitoring. Two-thirds had failed “standard” Class 1 agents. The patients were randomized to electrophysiologic testing or Holter monitoring to predict drug efficacy and received up to six drugs in random order until one was predicted to be effective ( 138,139). This trial showed that Holter monitoring and electrophysiologic testing had similar accuracy in predicting antiarrhythmic drug efficacy ( 138,139 and 140). Drug efficacy, predicted by Holter or electrophysiologic testing, was associated with improved mortality ( 141). Sotalol was shown to have greater efficacy and lower cost when compared to Class I agent, but the patient poulation was biased against Class 1 agents ( 138,139,142,143). Moreover, I believe the incidence of such patients with frequent enough ectopy on Holter monitoring to allow evaluation of drug suppression was significantly exaggerated. A trial conducted by Steinbeck et al. ( 144,145) prospectively looked at beta-blocker monotherapy compared to electrophysiologic study-guided antiarrhythmic drug thereapy plus beta-blocker therapy in 170 patients. The patient population included those with sustained VT, resuscitated sudden death, or syncope presumed to be due to VT. All patients underwent EPS. Those who were noniducible received metoprolol. Those who were inducible were randomized to receive metoprolol or serial EPSguided antiarrhythmic drug therapy with propafenone, flecainide, disopyramide, sotalol, or amiodarone. Drugs were assigned randomly, but amiodarone was used last. All patients received metoprolol as well except those who were taking amiodarone or sotalol. Surprisingly, the left ventricular ejection fraction was >40% in the average patient enrolled in this study. Using a combined endpoint of symptomatic arrhythmia recurrence or arrhythmic death, outcome was better in those who at baseline were noninducible when compared to those who were inducible. There was no significant difference between the two groups who were inducible and received beta-blockers or beta-blockers and antiarrhythmic medication. However, when stratified based on the results of EP testing, those who were inducible but suppressed by antiarrhythmic therapy fared best even when compared to those who were noninducible at outset ( 145). Outcome was not stratified by drugs in this study, but others showed, as was the case with class I agents in the ESVEM trial, that EPS-guided suppression of arrhythmia by amiodarone administration confers a favorable prognosis ( 146). High-risk survivors of cardiac arrest were evaluated in the CASADE study ( 147). Empiric therapy with amiodarone was compared to EP-guided therapy with antiarrhythmic agents (generally Class I agents) in patients resuscitated from out-of-hospital sudden death with poor LV function. Those who were inducible at EPS had antiarrhythmic therapy guided by serial study. At 6 years, survival free of cardiac death and sustained VT was higher in those taking amiodarone compared to those on class I agents (41% vs. 21%; p < 0.001). When amiodarone-treated patients were compared to those whose arrhythmias were suppressed on class I agents at 2 years, there was a trend toward superiority with amiodarone (83% vs. 60%; p < 0.009). Again, it should be recognized that in this population with coronary disease and prior infarction, beta-blocker use was extremely low (5%–6%), particularly in those treated with class I agents, and may have modified the findings. This trial was the first to suggest greater efficacy of amiodarone, but did not address the utility of programmed stimulation. When interpreting data presented in the preceding paragraphs, it is critical to recognize the differing baseline risk of arrhythmic death within the heterogenous populations enrolled in these trials when comparing results within and between these studies. For instance, people who are noninducible at EPS or have normal left ventricular ejection fractions have better survival when compared to those with impaired left ventricular function and remain inducible despite serial drug testing. In addition, drug failure end points should be different in patients with sustained uniform, tolerated VT, and those with cardiac arrest. Sudden death should be an end point for patients presenting with cardiac arrest, but it should not be used for someone who presents with sustained, tolerated uniform VT, since sudden death is uncommon in these patients. In such patients, recurrent sustained VT is the appropriate end point. Finally patients with different disease substrates (e.g., coronary artery disease with prior infarction, dilated or hypertrophic cardiomyopathy, or no overt organic heart disease) behave differently to programmed stimulation (see Chap. 11) and antiarrhytmic agents. The use of electrophysiologic testing to guide pharmacologic therapy for nonsustained ventricular arrhythmias is controversial. Prior studies suggested that electrophysiologic-guided therapy was superior to other forms of therapy for the management of nonsustained VT associated with coronary artery disease in whom the left ventricular ejection fraction is 


cases, the antiarrhythmic drug-efficacy test must be done in the presence of isoproterenol. As noted previously, all stimulation must be performed at twice diastolic threshold during the control period and again after administration of the drugs. Whether the use of higher current strengths will be more useful is uncertain and will be discussed later in this chapter. As noted earlier in this chapter, the effect of an antiarrhythmic agent on threshold of excitability, particularly at faster paced rates, as well as the normal direct relationship of refractoriness to changes in cycle length, may have clinical value, but this has not been established in well-controlled studies. Unfortunately, a limitation in assessing the effects of orally administered drugs on these specific parameters is that the patient will have the catheter placed at two widely separate dates. The variation in catheter placement may result in minor changes in refractoriness unrelated to the drug. In our laboratory, for both supraventricular and ventricular arrhythmias, at least one intravenous antiarrhythmic agent is assessed on the same day as the initial study. For ventricular arrhythmias, this is almost always procainamide, while for supraventricular arrhythmias, it may be either procainamide or calcium-blockers or beta-blockers. This will be discussed in subsequent paragraphs. For ventricular tachyarrhythmias, the response of intravenous procainamide can be useful in assessing the likelihood of responding to other Class 1 agents alone or in combination and, therefore, is a useful part of a decision-making branch point in the selection of antiarrhythmic drugs. Although an indwelling catheter may be left in place, we have moved away from this approach and remove all catheters following the initial study. Patients can return 7 to 14 days later for a repeat study, depending on the drug and indication for the study. The presence of heart failure, diuretics, electrical abnormalities, and/or hepatic renal disease affects the drugs selected and, hence, affects the timing of the studies. Drug levels are used for two purposes. First is to evaluate the electrophysiologic response to a drug at a given level. Second is to demonstrate that chronic therapy is associated with a plasma level shown to be effective in the laboratory; this provides assurance that the patient has taken the medicine at the prescribed dosage and that the metabolism and excretion of the drug in the outpatient have not affected the plasma level. We do not use drug levels as targets to be achieved. The investigator must be able to assess the effect of multiple drug levels since comparable levels of any agent demonstrate totally different efficacy in different patients. Furthermore, this method will allow the investigator to select a lower effective dose of the drug, thereby eliminating some dose-dependent toxicity. Table 12-8 demonstrates the normal loading and maintenance doses of several antiarrhythmic agents. The methodologies, efficacy of specific drugs, results, and determinants for success, particularly for VTs, will be discussed in the following paragraphs.



TABLE 12-8. Dosage and Therapeutic Serum Concentrations for Antiarrhythmic Agents



Selection of Pharmacologic Therapy for Ventricular Tachyarrhythmias Electrophysiologic-guided pharmacologic therapies are perhaps most valuable in the management of sustained VT and in patients resuscitated from cardiac arrest associated with coronary artery disease and other scar-related substrates. The use of EP testing in patients with cardiomyopathy, valvular disease, or in normal hearts (e.g., idiopathic VF, Brugada syndrome, long QT syndrome) has not been substantiated ( 162,163). Numerous studies (121,124,125,126,127,128,129,130,131,132,133 and 134) have attested to its efficacy in selecting drugs that are likely to prevent spontaneous recurrence as well as to predict those patients with a high likelihood of recurrence in patients with prior infarctions. The criteria of drug efficacy as determined by programmed stimulation have varied. Some have suggested narrowing of the tachycardia zone (i.e., the coupling intervals of extrastimuli over which the tachycardia is initiated); more vigorous stimulation required to initiate the tachycardia (i.e., a greater number of extrastimuli); prevention of induction of VT less than a certain number of beats; or prevention of induction of the sustained ventricular tachyarrhythmia that one is trying to prevent. In my opinion, prevention of sustained VT is the most appropriate end point. Swerdlow et al. suggested that the induction of 15 or less beats was predictive of good outcome ( 164) while others have not found this to be true ( 165,166). Unfortunately, these studies mixed patient populations (i.e., those with sustained uniform VT and those with cardiac arrest), as well as the induced rhythm (uniform VT and polymorphic VT). I do not believe that studies looking at these admixed variables can be accurately interpreted. Moreover, if one uses induction of sustained tachyarrhythmias as an end point, then the induction of a nonsustained tachycardia would meet our laboratory's criterion for successful therapy. Thus, for example, if a patient presented with spontaneous sustained VT, and only a nonsustained tachycardia was induced following an antiarrhythmic drug, whether it was 5 complexes or 15 complexes, it would be considered a successful study. While 15 complexes should not be considered a magical number, it is uncommon for an arrhythmia to last more than 15 or 20 complexes without being sustained. Therefore, the use of 15 complexes merely represents a statistical likelihood that any spontaneous non-sustained arrhythmia will not exceed 15 complexes. I do not believe either the absolute number of extrastimuli used or the relative ease of induction of sustained VT can be used to predict outcome on Class 1 (A, B, or C) agents, sotalol, or amiodarone. This is shown in Figure 12-10, Figure 12-11, Figure 12-12 and Figure 12-13. These data are derived from studies from 211 patients on Class 1 agents and 106 patients on amiodarone in our laboratory. While these data are in contrast to data presented by other investigators ( 76,166), these latter investigators either used a different stimulation protocol or included patients with inducible sustained uniform VT and sustained polymorphic VT in the same group. It is conceivable that a change in difficulty of at least two extrastimuli may be useful, but this is an uncommon observation in patients having sustained monomorphic VT and is extremely rare in patients with cardiac arrest.



FIG. 12-10. Relationship of mode of induction of initiation of VT and outcome. The presence or absence of recurrences is shown on the vertical axis and the mode of initiation of VT is shown on the horizontal axis. Note there is no difference in recurrence rate whether the tachycardia was initiated with one ventricular extrastimulus (VES), two VES, rapid pacing (RP), or three YES. PES = programmed electrical stimulation.



FIG. 12-11. Relationship of VT recurrence to relative change in mode of initiation produced by antiarrhythmic agents. The presence of recurrence is shown on the vertical axis, and the relative ease of initiation produced by an antiarrhythmic is shown on the horizontal axis. Note that the recurrence rate is unaffected by whether the antiarrhythmic agent makes VT initiation easier, harder, or unchanged.



FIG. 12-12. Effect of mode of induction of VT on amiodarone to outcome. The figure is organized identically to Fig. 12-10. Note that the mode of induction does not influence the recurrence rate.



FIG. 12-13. Relationship of effect of amiodarone on ease of induction and clinical outcome. This figure is organized identically to Fig. 12-11. The relative ease of initiation of VT following amiodarone does not correlate with recurrence rate.



Inducibility of the clinical arrhythmia (sustained monomorphic VTs) remains the most useful end point using a full protocol incorporating 3 ventricular extrastimuli, at least 2 pace cycle lengths, from at least 2 right ventricular pacing sites. The significance of induction of polymorphic VT/VF, even in patients with cardiac arrest, remains uncertain. For this reason, I do not believe the results of the ESVEM study to be clinically useful since a complete, control protocol was not performed (only the stimulation required to initiate one VT was used) and the stimulation protocol on antiarrhythmic agents never exceeded the number of extrastimuli needed to induce the single baseline VT in the control state. Examples of the development of successful antiarrhythmic therapy for sustained uniform VT on a Class 1 agent are shown in Figure 12-14 and Figure 12-15. In our experience, Class 1 agents have also been effective in uniform VT associated with recent myocardial infarction ( Figure 12-16) and in patients with cardiac arrest, regardless of whether sustained uniform VT or sustained polymorphic VT is initiated ( Figure 12-17).



FIG. 12-14. Serial drug testing in a patient with sustained uniform VT. In the control tracing, sustained uniform VT at a heart rate of 230 beats per minute is induced by two extrastimuli. In subsequent panels, the effect of lidocaine, phenytoin, procainamide, quinidine, and disopyramide on initiation of the tachycardia is shown. Note that procainamide and quinidine both prevent induction of the tachycardia See text for discussion. (From: Kastor JA, Horowitz LN, Harken AH, Josephson ME. Clinical electrophysiology of ventricular tachycardia. New Engl J Med 1981;304:1004.)



FIG. 12-15. Serial drug testing for recurrent sustained VT. The figure includes an ECG lead V 1 and an electrogram from the RVA. During the control, state VT at a cycle length of 280 msec is initiated. Following procainamide and phenytoin, no sustained arrhythmias can be induced. Quinidine, disopyramide, and lidocaine all failed to prevent induction of VT. See text for discussion. (From: Horowitz LN, Josephson ME, Kastor JA. Intracardiac electrophysiologic studies as a method for the optimization of drug therapy in chronic ventricular arrhythmia. Prog Cardiovasc Dis 1980;23:81–98.)



FIG. 12-16. Effect of procainamide on induced ventricular flutter. A and B. Top to bottom, surface lead V1 and electrograms from the RVOT, coronary sinus (CS), RVA, and a left ventricular aneurysm (LV–An). A sine wave-like ventricular flutter is initiated by two ventricular extrastimuli from the RVA. B. Following procainamide, producing a plasma level of 11 µg/ml, no VT is initiated.



FIG. 12-17. Use of programmed stimulation to detect drug efficacy in induced ventricular fibrillation. In the control state, two VESs from the RV initiate polymorphic VT, which degenerates into ventricular fibrillation. Following 3 days of oral disopyramide, no sustained arrhythmia can be induced.



The relative efficacy of antiarrhythmic agents in suppressing VT inducibility or changing the relative mode of initiation is not really known. For example, amiodarone only prevents initiation of VT in 10% to 15% of our patients, whether studied at 2 weeks or 3 months (see Fig. 12-18). However, amiodarone is often only used after several drugs have failed. The same is true for other drugs (i.e., the lC agents). If each of these drugs had been tried as a first-line agent, the relative efficacy might have been different. As such, the relative efficacy of antiarrhythmic agents is shown in Fig. 12-19. It can be seen that the Class lA agents are most likely to prevent induction of sustained VT with a success rate ranging between 26% and 38%. Since these data are compiled from many laboratories, however, the order in which a given laboratory selects antiarrhythmic agents to be tested also can influence relative success rate of a given agent. Of note is the fact that suppression of inducibility of VT by sotalol is lower in our experience than reported in ESVEM,



FIG. 12-18. Prevention of VT by amiodarone. In the control panel, two extrastimuli initiate a rapid VT with a cycle length of 210 msec. Procainamide fails to prevent induction of the tachycardia but slows the VT markedly. However, following 2 weeks of amiodarone loading, no ventricular arrhythmia is induced.



FIG. 12-19. Effect of drugs on VT inducibility. Comparison of several antiarrhythmic drugs on the ability to prevent induction of VT and on the relative ease of induction is shown. See text for discussion.



Beta-blockers and calcium-blockers are rarely effective in preventing sustained uniform VT. There is, however, one group of patients in whom calcium-blockers appear to be useful. These are the patients with apparently normal hearts, usually male, who have sustained uniform VT characterized by a right bundle branch block, left superior axis morphology. As commented on in Chapter 11, these patients have tachycardias that can frequently be initiated by atrial pacing as well as by ventricular extrastimuli. In this group of patients, verapamil frequently produces a dose-dependent slowing and termination of the tachycardia ( Fig. 12-20). In our



experience, these patients not uncommonly also respond to standard agents ( Fig. 12-21). While beta-blockers appear to have no effect on inducibility of sustained uniform VT, they may be a useful adjunct, since enhanced sympathetic tone may either counteract an antiarrhythmic agent's effect directly or produce ischemia as an initial trigger to the event ( 167).



FIG. 12-20. Effect of verapamil in a patient with VT associated with a normal heart. A. A control tracing showing VT with a right bundle branch block left axis deviation at a cycle length of approximately 400 msec. Note the presence of fusions and capture beats. B. Following 5 mg of IV verapamil, the tachycardia is slowed. C. Following 10 mg of verapamil, the tachycardia slows further and then stops. See text for discussion.



FIG. 12-21. Sensitivity of VT in normal hearts to multiple agents. This is the same patient as in Fig. 12-20. In the control study, a single (VPC) initiates VT. The tachycardia induction is prevented by both verapamil and procainamide.



As stated earlier in this chapter, assessments of a drug at multiple levels may be useful. This has been particularly true of procainamide, in which doses producing plasma levels within or even exceeding the classic textbook “therapeutic” levels have failed to prevent initiation of the tachycardia, but higher doses have prevented inducibility. This can be seen in Fig. 12-22. Here, plasma levels of 15.7 µg/ml were required to prevent induction of the arrhythmia. It is not uncommon to facilitate induction of the tachycardia following administration of Class lA, lC, or III agents, that is, to induce the arrhythmia with a lower number of extrastimuli or even during sinus rhythm. In such instances, the tachycardia is invariably slower and there is an increasing interval from the stimulus initiating the tachycardia to the first beat of the tachycardia (Fig. 12-23).



FIG. 12-22. Effect of increasing doses of procainamide on VT induction. During the control state, two extrastimuli initiate a rapid VT. Following procainamide (PA) at increasing plasma levels, the tachycardia is initially still inducible but slower. When a procainamide plasma level of 15.7 µg/mL is reached, no VT is inducible.



FIG. 12-23. Effect of increasing the plasma procainamide concentration on VT inducibility. A to D. ECG lead V1 and a right ventricular electrogram are shown. A. The control study; VT was induced by two extrastimuli, and the cycle length was 400 msec. B. Following intravenous administration of 1000 mg of procainamide (9.5 µg/mL), VT was induced at longer coupling intervals and the cycle length was increased to 490 msec. C. After an additional 250 mg of procainamide (12.8 µg/mL), VT could be induced by a single ventricular extrastimulus, but it has a longer cycle length (540 msec). D. After an additional 250 mg of procainamide (15.2 µg/mL), VT was not inducible. See text for discussion. (From: Josephson ME, Horowitz LN. Electrophysiologic approach to therapy of recurrent sustained ventricular tachycardia. Am J Cardiol 1979;43:631.)



Factors Predicting Outcome of Electrophysiologic Study There appear to be several factors that influence the outcome of electrophysiologic testing. In general, patients presenting with sustained uniform VT are less likely to have their arrhythmia rendered noninducible by an antiarrhythmic agent than patients presenting with a cardiac arrest. This is particularly true if they had already failed prior antiarrhythmic therapy, whether it was administered empirically or chosen by electrophysiologic testing ( 168). We retrospectively evaluated the ability of



Class lA and lB agents to prevent induction of sustained VT and correlated the results with the VT cycle lengths. We found that Class 1 drugs are more likely to prevent initiation of fast VT (defined by cycle lengths 270 msec) ( Fig. 12-24). We noted that tachycardia cycle length had little influence on the ability of Class lB (mexiletine, lidocaine, phenytoin, tocainide) to prevent induction of these arrhythmias ( Fig. 12-25). Tachycardias with cycle lengths 


FIG. 12-24. Relationship of tachycardia cycle length on prevention of VT induction. Antiarrhythmic agents are more likely to prevent induction of fast VT (cycle lengths >270 msec) than slow VT (>270 msec). See text for discussion.



FIG. 12-25. Effect of tachycardia cycle length on response to Type 1A or Type 1B agents . The response to Class lA (Group A) agents is markedly cycle length dependent, whereas the response to Type 1B agents (Group B) is not influenced by tachycardia cycle lengths. See text for discussion.



FIG. 12-26. Effect of VT cycle length on inducibility following Type 1A agents. The response of tachycardias to procainamide (PROC), quinidine (QUIN), and disopyramide (DISO) is similar. All show greater effect on tachycardias with short cycle lengths.



Since Class lA drugs individually had comparable efficacy, we analyzed whether the response to procainamide, which could be given intravenously in the laboratory, could predict the effect of other Class 1 drugs. In a study of 129 patients, Waxman et al. ( 169) found that if a tachycardia was rendered noninducible by procainamide, it was likely to be noninducible on other Type 1 drugs singly and or in combination, although one would not predict which drug or combination of drugs would work (Fig. 12-27). Conversely, if a VT was still inducible on procainamide, it was likely to be inducible on other Type 1 agents ( 169). Chi-square analysis of these data ( Fig. 12-28) revealed that the predictive value for noninducibility (negative predictive value) was 83%, and for inducibility (positive predictive value) was 87%. Analog tracings from patients demonstrating both these predictive values are shown in Fig. 12-29 and Fig. 12-30. In Fig. 12-29, procainamide at a plasma level of 4.5 µg/mL prevented induction of VT. Quinidine and lidocaine were also successful in preventing initiation. Similarly, Fig. 12-14 and Fig. 12-15 showed that procainamide was effective, and at least one other Class 1 agent was effective. However, not all Class 1 agents were effective. Thus, the negative predictive value would suggest that there is an 83% chance that another Class 1 drug would be successful. Unfortunately, it is not possible to predict which other drug or combination of drugs will be successful. Conversely, Fig. 12-30 demonstrates that the failure of procainamide to prevent induction is associated with a 90% likelihood of failure of other Class 1 agents to render the tachycardia noninducible. Our results with Class lC agents are similar. This explains the overall response to drugs shown in Fig. 12-19 in which propafenone, encainide, and flecainide each have a frequency of rendering tachycardias noninducible between 18% and 22% This is not surprising, since these drugs are usually tested after procainamide and/or quinidine fail.



FIG. 12-27. Relationship of response to procainamide and to other Type 1A agents. The diagrams demonstrate that when VT is inducible on procainamide it is likely to be inducible on other antiarrhythmic agents and, conversely, if VT is not inducible on procainamide, it is likely to be noninducible on other agents.



FIG. 12-28. Chi-square analysis of procainamide's predictive value for efficacy of other antiarrhythmic agents. See text for discussion. (From: Waxman HL, Buxton AE, Sadowski LM, Josephson ME. The response to procainamide during electrophysiologic study for sustained ventricular tachyarrhythmias predicts the response to other medications. Circ 1983;67:30–37.)



FIG. 12-29. Analog record demonstrating negative predictive value (noninducibility) of procainamide. Surface lead V 1 and electrograms from the RVA are shown in each panel. In the control state, two ventricular extrastimuli initiate VT. Following procainamide no VT is inducible. Similarly, quinidine and lidocaine prevent induction of VT.



FIG. 12-30. Analog records demonstrating positive predictive value (positive inducibility) of procainamide. In the control tracing, VT with a cycle length of 375 msec is induced. Procainamide at a level of 17.4 mg/L fails to prevent induction of VT, although it makes the VT slower. On separate occasions lidocaine, phenytoin, disopyramide and quinidine also failed to prevent induction of VT. See text for discussion.



Combination drug therapy does not appear more useful in preventing initiation of ventricular tachyarrhythmia than single drugs ( 170,171), but may decrease the side effects of high doses of an individual agent ( 171,172 and 173). One drug combination that we have found to be occasionally successful in several patients has been quinidine and mexiletine. Another is sotalol and mexiletine. The addition of Class 1 drugs to amiodarone has likewise not led to an increase in noninducibility but has resulted in slowing of both the induced tachycardia and of spontaneous recurrences ( 174). Some of the discrepancies in relative efficacy of various agents include (a) failure to compare inducibility and cycle length of the same VT and (b) the induction of VTs that were not observed before antiarrhythmic administration. Regardless of drugs used, we have found that noninducibility has a 90% predictive accuracy for freedom of recurrences (Fig. 12-31 and Fig. 12-32) and a 30% to 40% predictive accuracy for recurrences. The inducibility rate is higher and the predicted clinical failures slightly lower for amiodarone than Type 1 agents. Of importance in evaluating efficacy is the natural history of VT in which there is only a 30% to 50% recurrence over 2 years. Thus, all VTs that are inducible would not be expected to recur.



FIG. 12-31. Relationship of inducibility to outcome in patients on Type 1 agents. The recurrence rate in 211 patients on Type 1 agents is related to whether they were noninducible (NI) or inducible (I) on the agent. Noninducibility predicted a 90% freedom from recurrence rate while persistent inducibility was associated with the 33% recurrence rate. See text for discussion.



FIG. 12-32. Effect of amiodarone on inducibility and recurrences. The figure is organized like Fig. 12-31. One hundred and six patients were treated with amiodarone. Noninducibility predicted a 90% freedom from recurrence rate of persistent inducibility and was associated with a 28% recurrence rate. See text for discussion.



Effect of Drugs on VT Cycle Length Another potentially beneficial response of antiarrhythmics is to slow the VT and make it hemodynamically tolerated. Studies by Waller et al. ( 175) and Kadish et al. (73) suggest that making a tachycardia slower and well tolerated is beneficial. By this, one means that patients in whom VT is slowed and hemodynamically tolerated following antiarrhythmic agents have a low risk of sudden death, while those in whom VT is not slowed and/or is poorly tolerated have a significantly higher incidence of sudden death (Fig. 12-33). However, the recurrence rate is no different from those patients in whom a rapid VT is still inducible ( Fig. 12-34). Unfortunately, the presenting arrhythmia is also important ( 73,176). For those patients presenting with cardiac arrest, we have found that £25% of recurrences will be a cardiac arrest even if the VT was slowed. This is especially critical with amiodarone, for which recurrence cannot be predicted amongst inducible VTs. In these patients we have found a 15% to 30% incidence of recurrent cardiac arrest in patients with slowed VT ( Fig. 12-35 and Fig. 12-36) (176). Thus, patients with spontaneously well-tolerated VT have a low incidence of sudden death and those presenting with cardiac arrest have a high incidence of cardiac arrest regardless of what is induced in the laboratory.



FIG. 12-33. Relationship of tolerated and nontolerated tachycardias to subsequent outcome. The survival of patients with induced but hemodynamically tolerated and slow tachycardias (solid line) is shown together with survival curves of patients with induced nontolerated tachycardia ( dotted line). Those with induced tachycardias that were slower and better tolerated had a low incidence of sudden cardiac death comparable to those with no inducible VT ( dashed line), while those whose tachycardias remained nontolerated had a significantly higher incidence of death. (From: Waller TJ, Kay HR, Spielman SR, et al. Reduction in sudden death and total mortality by antiarrhythmic therapy evaluated by electrophysiologic drug testing: criteria of efficacy in patients with sustained ventricular tachyarrhythmia. J Am Coll Cardiol 1987;10:83–89.)



FIG. 12-34. Relationship of recurrence of VT to inducibility and cycle length of induced tachycardia. The cumulative percentage free of recurrent VT is shown on the vertical axis, and time is on the horizontal axis. Group 1 ( dashed line) is patients in whom the drugs made the tachycardia not inducible. Group 2 ( solid line) are those patients with inducible VT which was slowed and was hemodynamically tolerated. Group 3 ( dotted line) were those in whom antiarrhythmic agents failed to slow the tachycardia. Patients with no inducible arrhythmias had a 90% likelihood of no recurrences in 3 years. Those patients with inducible arrhythmias, regardless of cycle length or hemodynamic tolerance, had comparable recurrence rates (From: Waller TJ, Kay HR, Spielman SR, et al. Reduction in sudden death and total mortality by antiarrhythmic therapy evaluated by electrophysiologic drug testing: criteria of efficacy in patients with sustained ventricular tachyarrhythmia. J Am Coll Cardiol 1987;10:83–89.)



FIG. 12-35. Relationship of outcome of ventricular arrhythmia based on presentation in patients taking amiodarone. The clinical presentation of the arrhythmia is shown on the horizontal axis and the number of patients on the vertical axis. Patients presenting with tolerated tachycardias tend to have tolerated recurrences, while those presenting with nontolerated tachycardia tend to have nontolerated recurrences. See text for discussion.



FIG. 12-36. Relationship of presentation and the results of electrophysiologic studies on outcome in patients with sustained ventricular arrhythmias on amiodarone. A survival curve is shown with freedom from nontolerated events on the vertical axis and time on the horizontal axis. It is apparent that the presentation (pres) of a tolerated (tol) tachycardia is associated with a high likelihood of freedom from sudden death, regardless of the results of the electrophysiologic study (EPS). Conversely, patients presenting with nontolerated (non-tol) tachycardias have a 20% to 40% incidence of nontolerated recurrences regardless of whether or not the induced arrhythmia was tolerated. See text for discussion.



One of the major limitations of published studies, with regard to outcome, is the combining of patients with cardiac arrest and those with sustained, hemodynamically stable VT. As seen in Figure 12-37 and Figure 12-38, in patients treated with amiodarone, both the tolerance of the tachycardia induced in the laboratory on amiodarone and the presenting arrhythmia were highly significant determinants of nontolerated recurrences. Waller et al. ( 175) did not address this latter observation. However, Kadish et al. (73) and the study by Gottlieb et al. ( 176) demonstrated that patients with tolerated tachycardias generally have tolerated recurrences, and those with nontolerated tachycardias tend to have nontolerated recurrences. This appears to be true regardless of what is induced in the laboratory. As shown graphically in Figure 12-36, regardless of the tolerance of the laboratory-induced arrhythmia on amiodarone, spontaneously tolerated tachycardias do extremely well, while nontolerated tachycardias do significantly worse. In this particular study, 22% of patients who presented with a cardiac arrest, in whom a tolerated tachycardia or no tachycardia was induced in the laboratory, had a recurrent cardiac arrest over a 36-month follow-up. This has made us cautious in using amiodarone alone to treat patients with cardiac arrest. Although noninducibility usually predicts a good outcome, VT is uncommonly made noninducible by amiodarone. Thus, in the 80% to 90% of patients in whom VT remains inducible on amiodarone, the inability to predict who will have a recurrence has led us to use more aggressive modes of therapy (automatic implantable defibrillators and/or surgery) in such patients, since their incidence of recurrent cardiac arrest exceeds 20%.



FIG. 12-37. Comparison of effective electrophysiologic results on clinical outcome in patients with both tolerated and nontolerated tachycardias spontaneously. For the group with sustained ventricular arrhythmia as a whole, patients in whom the induced tachycardia was slow and tolerated on amiodarone had a lower incidence of nontolerated recurrence than those patients in whom nontolerated tachycardias were induced on amiodarone. See text for discussion.



FIG. 12-38. Relationship of clinical presentation to clinical outcome regardless of electrophysiologic studies. Tolerated tachycardias ( dashed line) had an extremely low incidence of nontolerated recurrent events. This was highly significant and different from patients presenting with nontolerated tachycardias who had a 35% incidence of recurrent nontolerated events. See text for discussion.



The effect of various antiarrhythmic agents on VT cycle length is predictable. As can be seen in Figure 12-39, Class lA and lC agents all almost invariably slow VT rate. The same is true for amiodarone. Examples are shown in Figure 12-40, Figure 12-41 and Figure 12-42. On the other hand, phenytoin and lidocaine rarely have any effect on tachycardia cycle length and, in some instances, may even shorten it ( Fig. 12-43). Mexiletine's effects on VT cycle length are variable, ranging from no effect to a slight increase or decrease. Sotalol and the Class III agents have minimal effect on VT cycle length and appear to affect VT initiation rather than cycle length. An accurate assessment of a drug's influence on VT cycle length can only be made if the same tachycardia is induced before and after the drug. This is not always possible, since multiple tachycardias may be induced on antiarrhythmic drugs. This limitation is shown in Figure 12-41, in which during the control study a tachycardia with a right bundle branch block, left superior axis morphology at a cycle length of 340 msec was induced. Following propafenone, the only tachycardia that could be induced had a left bundle, left superior axis at a cycle length of 520 msec. A similar circumstance following amiodarone administration is shown in Figure 12-42. In such instances, all one can state is that the only tachycardias that are inducible while on the drug were slow, suggesting a good outcome.



FIG. 12-39. Effect of drugs on VT cycle length. Class lA and lC agents as well as amiodarone generally prolong tachycardia cycle lengths, whereas phenytoin and



lidocaine usually have no effect and mexiletine's effect is unpredictable. See text for discussion.



FIG. 12-40. Effect of procainamide on tachycardia cycle length. A. In the control state, VT with a left bundle branch block morphology has a cycle length of 320 msec. B. Following procaina mide, the tachycardia morphology is the same but the cycle length has increased to 400 msec.



FIG. 12-41. Effects of propafenone on induced VT cycle length. In the control state panel, VT with a right bundle branch block left axis deviation was induced. The cycle length of that tachycardia was 340 msec. Following propafenone administration, only a left bundle branch block tachycardia was induced, which was extremely slow, having a cycle length of 520 msec.



FIG. 12-42. Effect of amiodarone on VT cycle length. In the control tracing, a left VT at a cycle length of 240 msec is induced. Following amiodarone, the tachycardia is markedly slowed to 430 msec.



FIG. 12-43. Shortening of VT cycle length by lidocaine. In the control tracing, VT with a rate of 166 beats per minute was induced. Following lidocaine, the tachycardia, which was induced at a cycle length of 208 beats per minute, was identical in morphology. Administration of lidocaine in the clinical setting also resulted in acceleration of the tachycardia.



Predictability of Drug Effect on Tachycardia Cycle Length It would be useful to be able to predict the effect of a drug on tachycardia cycle length without requiring induction of the tachycardia. We evaluated whether the effect of procainamide on the duration of sinus rhythm or paced QRS complexes could be used to predict the effect of procainamide on tachycardia cycle length. In a group of patients in whom procainamide prolonged the tachycardia cycle length approximately 29%, Marchlinski et al. ( 177) compared the change in VT cycle length with the change in QRS duration observed during sinus rhythm and paced cycle lengths of 600 and 300 msec. Mean QRS duration during sinus rhythm, slow ventricular pacing, and fast ventricular pacing are shown in Figure 12-44, and an analog record of a single case is shown in Figure 12-45. It can be seen that following procainamide, the faster one paces, the more prolonged the QRS. When the change in VT cycle length was compared to the change in QRS duration during sinus rhythm and ventricular pacing, we found the change in VT cycle length (29%) approximated that associated with rapid pacing (27%) ( Fig. 12-46). The change in QRS duration during sinus rhythm or slow pacing did not correlate with the change in VT cycle length as well. Linear regression relating change in QRS during rapid pacing and change in VT cycle length showed an r value of .84, which was highly significant at the p 


FIG. 12-44. Effect of procainamide on QRS. The effect of procainamide on the QRS width during sinus rhythm slow pacing (500 to 600 msec) or fast pacing (300 msec) is shown. While procainamide increases QRS duration at any rate, the greatest increase is during fast pacing. (From: Marchlinski FE, Buxton AE, Josephson ME, Schmitt C. Predicting ventricular tachycardia cycle length after procainamide by assessing cycle length-dependent changes in paced QRS duration. Circ 1989;79:39–46.)



FIG. 12-45. Analog records demonstrating effect of procainamide on QRS duration. During control, the QRS was 112 msec in sinus rhythm, 170 msec during RV apical pacing at 600 msec, and 170 msec at RV pacing at 300 msec. Following procainamide, the QRS duration increased 18%, 22%, and 31%, respectively, during sinus rhythm, pacing at 600 msec, and pacing at 300 msec. (From: Marchlinski FE, Buxton AE, Josephson ME, Schmitt C. Predicting ventricular tachycardia cycle length after procainamide by assessing cycle length-dependent changes in paced QRS duration. Circ1989;79:39–46.)



FIG. 12-46. Relationship of change in VT cycle length and change in QRS duration produced by procainamide. The percentage (%) of change in VT cycle length (VTCL) and QRS during rapid pacing was comparable (29% vs. 27%). The changes in QRS duration during sinus rhythm or slow pacing (14% and 17%) were not as great as the change in VT cycle length. (From: Marchlinski FE, Buxton AE, Josephson ME, Schmitt C. Predicting ventricular tachycardia cycle length after procainamide by assessing cycle length-dependent changes in paced QRS duration. Circ 1989;79:39–46.)



FIG. 12-47. Linear regression relating change in QRS during fast pacing with change in VT cycle length produced by procainamide. An r value of .84 demonstrates a high correlation between change in QRS at fast pacing and change in VT cycle length produced by procainamide. See text for discussion (From: Marchlinski FE, Buxton AE, Josephson ME, Schmitt C. Predicting ventricular tachycardia cycle length after procainamide by assessing cycle length-dependent changes in paced QRS duration. Circ 1989;79:39–46.)



We have shown that the effects of amiodarone on VT cycle length are similar to those of procainamide ( 178) and that it may be possible to use the response to procainamide to predict that of amiodarone. Despite the generally good relationship between the change in VT cycle length on amiodarone and procainamide, approximately 20% of patients had longer tachycardia cycle lengths on amiodarone than on procainamide, and the converse was also true. Nonetheless, the response of the QRS during rapid pacing to procainamide might provide a reasonable predictor of what the response of amiodarone might be. Moreover, the response of procainamide alone and amiodarone can be used to predict the response of the combination using the formula .67 of sum of the individual effects on cycle lengths plus 40 msec (178). Of interest, analysis of the effects of Class lA and lC agents on VT cycle length from several laboratories ( 32,37,38,40,41,42 and 43,49,50,51,52 and 53,59,60 and 61) shows them to be quite similar. I again stress the point that accurate analyses of such data require the same tachycardia being induced before and after the drug. Unfortunately, much of the literature concerning the effect of these drugs on tachycardia cycle length does not state whether the same tachycardia was evaluated before and after the drug. The effects of various drugs on tachycardia cycle length are shown in Table 12-9.



TABLE 12-9. Effect of Drugs on VT Cycle Length



Analysis of Drug Effects on Tachycardia Cycle Length Using Resetting and Entrainment The mechanism by which drugs slow or terminate VT is not known. Furthermore, the relationship between drug slowing and/or termination of a spontaneous tachycardia and the ability to induce the arrhythmia have not been systematically evaluated. In most VTs associated with coronary artery disease, it is possible to initiate the VT and analyze the response of the tachycardia to ventricular extrastimuli ( 179,180). As described in detail in Chapter 11, nearly 70% of well-tolerated VT can be reset by single or double (the first not interacting with the circuit) ventricular extrastimuli. The resetting response of VT to ventricular extrastimuli can be used to characterize the extent of the fully or partially excitable gap in the reentrant circuit of VT (see Chap. 11) (179,181). Resetting response curves are constructed by plotting the return cycles in response to extrastimuli delivered during VT. The response curves may be flat, increasing, or mixed (flat and increasing). These curves are felt to represent the extrastimuli encountering fully excitable tissue (flat curve), partially excitable tissue (increasing curve), or fully excitable tissue at long coupling intervals and partially excitable tissue at close coupling intervals (mixed curve). These curves are schematically depicted in Figure 12-48.



FIG. 12-48. Mechanism of resetting response patterns. On top are the three observed types of resetting response curves—flat, increasing, and mixed, as described in Chapter 11. Below are the assumed mechanisms at the various coupling intervals. For the flat curve, premature stimulus delivered at coupling interval X and X-50 both encounter fully excitable tissue resulting in the flat response curve. In the middle panel, during an increasing response curve, the premature stimuli at each coupling interval falls on relatively refractory tissue. On the far right, during the mixed response, the premature stimulus delivered at coupling interval X falls on fully excitable tissue and on X-50 falls on partially excitable tissue. See text for discussion. (From: Stamato NJ, Frame LH, Rosenthal ME, et al. Procainamide-induced slowing of ventricular tachycardia with insights from analysis of resetting response patterns. Am J Cardiol 1989;63:1455–1461.)



Theoretically, the VT cycle length could be slowed by a drug as a result of (a) slowing of conduction at one or more areas in the circuit, (b) prolongation of refractoriness in the circuit such that the head of the circulating impulse encroaches on the tail of refractoriness of the prior impulse, or (c) an increase in length of the reentrant pathway (Fig. 12-49). If a drug produced slowing of the VT cycle length as a result of a primary effect on conduction or lengthening of the pathway, it should produce an increase in the fully excitable gap; that is, an increase in flat portion of the curve would be observed. On the other hand, if slowing of the tachycardia was produced by prolonging the refractoriness such that the head of the impulse encroached on the tail of refractoriness of the prior wavelength, there would be no fully excitable gap, and no flat portion would be seen. For a flat portion to be seen, all tissue within the circuit must be fully recovered and excitable. This obviously would not be the case if a prolongation of refractoriness were responsible for slowing of the tachycardia. Even if a drug produced slowing of conduction and increased refractoriness, the presence of a flat curve suggests the circuit still had a fully excitable gap!



FIG. 12-49. Possible mechanisms of drug-induced increase in VT cycle length. A hypothetical tachycardia in the baseline state is shown on top with a wavelength of full refractory and partially refractory tissue in minimal excitable gap. After a drug, the tachycardia can slow because of slowing of conduction, which would be associated with an increase in the fully excitable gap, primary prolongation of refractoriness where the head of the circulating wavefront would encounter the refractory period of the preceding impulse producing an increasing curve, or an increase in path length, which would also produce a fully excitable gap. See text for discussion.



It is difficult to directly demonstrate an increase in path length during clinical electrophysiologic studies. However, if the morphology of the slowed tachycardia is identical to that of the control tachycardia, the exit site is assumed to be unchanged. In such cases if a drug-induced lengthening of the pathway occurred, it would require lengthening of the proximal arc of block or “pseudoblock” around which the impulse circulates ( 182,183 and 184). While slowing of VT associated with an increased length of the arc of “block” has been observed in experimental models of reentrant VT ( 185), it has never been recorded in the absence of a marked slowing of conduction. If a complete resetting curve can be defined before and following drug administration, the relative effects of a drug on conduction and refractoriness can be evaluated. A complete resetting curve extends from the initial coupling interval of the ventricular extrastimulus, which first results in resetting, to the coupling interval at which the ventricular extrastimulus terminates the tachycardia. The inability to fully measure the entire gap with single extrastimuli (with or without prior conditioning extrastimuli) is a major limitation of this technique and has led to the use of continuous resetting (i.e., entrainment) by some investigators to assess drug effects ( 186). The uses and limitations of that technique will be described in subsequent paragraphs.



If one could perform a complete resetting curve, the extent of the flat portion and increasing portion of the curve could be determined, allowing calculation of the total duration of the fully excitable and partially excitable (relative refractoriness) gap, respectively. Thus, the effect of a drug on conduction and refractoriness in the VT circuit can be assessed. However, the site in the circuit responsible for interval-dependent conduction delay producing the onset of the increasing curve will not be able to be determined in the catheterization laboratory. Since the flat portion of the curve signifies that all tissue in the circuit is fully excitable, focal delays at any site should not give rise to a “pseudo-flat curve,” which is due to accelerated conduction distal to the delay, since the impulse would already be propagating through fully excitable tissue at its maximal rate. If the change in duration of the flat portion of the curve does not equal the change in VT cycle length, the difference must be due to change in refractoriness in some part of the VT pathway. Thus, these indirect measurements can be used to evaluate the electrophysiologic effect of a drug on the reentrant circuit responsible for VT. Unfortunately, as noted in Chapter 11, termination of VT by a single extrastimulus interacting with the circuit is uncommon—15% to 20% with one extrastimulus and 30% to 50% with two extrastimuli, when the first is a conditioning impulse. The use of two or more conditioning extrastimuli may increase the ability to analyze the excitable gap. Moreover, it is obvious that the selection of tachycardias studied can influence these results. Studies as those just described form the major thrust of our laboratory's attempt to understand the mechanism of drug action during VT. At present, results with procainamide (181) and amiodarone (187,188 and 189) have demonstrated a persistent flat portion of the curve in tachycardias slowed by either of these drugs. Similar results have been observed in preliminary studies of quinidine, propafenone, and flecainide (unpublished observation). These data are consistent with a primary slowing of conduction within the circuit, with or without a change in pathway length, as a mechanism of prolongation of tachycardia cycle length. A fixed increase in refractoriness at any point in the circuit is unlikely to account for the increase in VT cycle length seen with these agents since a flat portion of the curve persists. However, a marked change in refractoriness greater than a change in conduction time could produce a decrease in the flat part of the resulting curve. Nevertheless, since a flat portion is still present, the change in cycle length cannot be attributed to the change in refractoriness. Using our model of resetting, one would postulate that the inability of lidocaine to slow VT is compatible with its known lack of effect on conduction in normally polarized tissue. Shortening of VT cycle length, which is occasionally seen, may be due to a decrease in the length of the arc of block around which the impulse must circulate, thereby decreasing the length of the pathway. Such studies, which are currently under way in our laboratories, are necessary to explain the response of tachycardias to antiarrhythmic drugs. In view of the limited capability of single extrastimuli to determine the entire excitable gap, continuous resetting (entrainment) of the tachycardia has been used to evaluate the effects of antiarrhythmic drugs on the VT circuit ( 186). Kay et al. (186) used this technique to study the mechanism of procainamide-induced prolongation of VT cycle length in five patients. They used left ventricular mapping to demonstrate orthodromic capture of left ventricular sites in response to right ventricular pacing during VT. They then compared the effect of procainamide on orthodromic and antidromic activation to a local left ventricular site. The orthodromic activation time was measured from the stimulated right ventricular impulse to the orthodromically “entrained” electrogram in the left ventricle. The antidromic activation time was measured from the right ventricular electrogram to the same left ventricular electrogram recorded during ventricular pacing initiated during sinus rhythm. The assumption made by these investigators was that a greater effect on orthodromic activation time would reflect a drug's effect on the area of “slow conduction” in the reentrant circuit. These investigators demonstrated that an increase in tachycardia cycle length of 27% was associated with a 28% increase in the orthodromic activation time, compared to an increase of only 9% in the antidromic activation time. The difference between the change in orthodromic and antidromic activation time was 40%. These investigators concluded that these findings supported a primary effect of procainamide on conduction in the “slow limb” of the reentrant circuit. There are, however, several limitations to their study ( 186). First, the recorded left ventricular electrograms were not presystolic and, therefore, may not have been in the tachycardia circuit. Since orthodromic activation of such sites includes the time to the circuit, through the circuit, and to this potentially noncritical or distant (from the circuit) electrogram, it seems to be a giant leap of faith to suggest any changes in activation time in either antidromic or orthodromic direction reflect a change in the circuit alone. Moreover, during their entrainment protocol, 15 beats of pacing were used before assessing the return cycle. As discussed in Chapter 11 and demonstrated in Figure 11-149 and Figure 11-150, the response to “entrainment” may yield misleading information with respect to the excitable gap. As discussed in Chapter 11, of a train of 15 stimuli, the nth stimulus resets the VT circuit and subsequent extrastimuli reset the reset circuit. If the n + 1th stimulus falls on the relative refractory period of the n th stimulus, prolongation of return cycle or termination will be observed. Obviously, in this situation, prolongation of the orthodromic activation time would be a result of a combination of impingement of successive extrastimuli on the refractory period of the prior resetting stimulus and a primary effect on conduction velocity. This prolonged conduction time, in fact, may be unrelated to a primary effect of the drug on conduction velocity within the tachycardia circuit but may simply represent impingement of the n + 1th and subsequent extrastimuli on the refractory period of the preceding reset circuit. It is only possible to avoid this confounding response by analyzing the results of the interaction of a single ventricular extrastimulus with the VT circuit itself. Unfortunately, as mentioned in prior paragraphs, this cannot be done completely in most tachycardias. Moreover, continuous stimulation at rapid rates may alter the properties of refractoriness and conduction within the reset circuit and not reflect the same conditions as during the VT itself. As stated earlier, a drug's effect may be related to prolongation of the arcs of block around which the impulses must circulate and may not be due to primarily an increase in conduction. The ability to demonstrate a flat curve with resetting and “decremental” conduction during entrainment suggests that these methods are measuring different properties. Studies comparing the two methods are required to assess the relative merits of each. Specific and direct analysis of a drug's effect on the reentrant circuit will require detailed multisite mapping in experimental models of VT since, at present, detailed mapping the entire reentrant circuit in humans using high density mapping has not been achieved. The mechanism by which drugs prolong conduction remains unsettled. Slowing of conduction may be due to the influence of a drug on “active membrane” properties (i.e., ionic conductance), its ability to affect intercellular resistance, or perhaps, to a combination of factors. Kadish et al. ( 21) have demonstrated that procainamide influences longitudinal conduction to a greater extent than transverse conduction in uniform anisotropic canine tissue. Studies by Saltman ( 185) suggest that following infarction, significant nonuniform anisotropy must exist because the areas of block and slow conduction do not relate to fiber orientation. We have demonstrated that the effect of procainamide on infarcted tissue with nonuniform anisotropic characteristics (i.e., that tissue associated with fragmented electrograms) is more marked than on uniform anisotropic tissue (see Fig. 12-8) (115). This suggests that areas of fragmented electrograms, which appear to be caused by nonuniform anisotropy and poor intercellular coupling, may be the primary sites of antiarrhythmic drug action. Experimental studies using multisite mapping will hopefully resolve these issues in the next decade. Mechanism of Drug Effect on Inducibility and Termination of VT The mechanism by which drugs prevent induction of VT or terminate VT remains unresolved despite much speculation ( 184,190,191 and 192). Theoretically, in given circumstances, drugs that prolong refractoriness and slow conduction can be either proarrhythmic or antiarrhythmic, and drugs that facilitate conduction can increase the rate of a tachycardia or terminate it. Moreover, the same drug can have different effects on a reentrant VT in different people. If one assumes that sustained uniform VT is reentrant, as it most likely is in coronary disease, there must be different electrophysiologic characteristics of the myocardium in which the potential circuit is formed in individual patients to explain the variability of drug effect on the same arrhythmia mechanism. Furthermore, the mechanism by which drugs terminate VT may not be related to the way they prevent inducibility of VT. In fact, we have studied 20 patients immediately following termination of VT by procainamide, and in 13 the VT was still inducible, although slower ( 187). Thus, noninducibility and termination need not be coupled. If one thinks about it, drugs that slow conduction should not be expected to terminate VT but to perpetuate it. In fact, Saltman ( 185) found that flecainide was unable to terminate reentrant VT in a canine model of reentrant VT. On the other hand, Spinelli and Hoffman have shown drug-induced block in their reentrant model of atrial flutter around a fixed obstacle without a change in wavelength and without eliminating the excitable gap ( 192). As stated in preceding paragraphs, procainamide, which can terminate reentrant VT, tends to increase the excitable gap. Therefore, the mechanism by which termination occurs requires explanation. Since termination of VT requires failure of conduction through some common isthmus, how would procainamide or other drugs that slow conduction terminate VT? Several possibilities exist including (a) selected depression of conduction or cellular uncoupling in the narrow isthmus such that propagation through it is not possible; (b) prolongation of refractoriness in the isthmus causing block of the impulse; (c) creating an increase in the wavelength of the cardiac impulse so that it cannot fit within the circuit ( 193,194); (d) slow conduction around the arc of block slowing the proximal part of the refractory-determined arc of block to recover excitability, resulting in earlier entrance of the impulse into the isthmus at a time when it is refractory; or (e) slow conduction of the impulse allowing further saltatory slow conduction in the region of “pseudoblock” leading to narrowing of the isthmus such that it becomes inexcitable by the electrotonic influence of the arc of “pseudoblock” (182,184). There are no experimental data suggesting that procainamide can terminate VT by selective conduction block in the isthmus. The marked slowing of conduction should not be totally selective, and other evidence of significant slowing of conduction should be present, for example, broadening of the QRS. Nonetheless, we have



demonstrated that procainamide can produce conduction delay and/or block in areas of fractionated electrograms at a time when propagation through normal tissue is only slightly altered (see Fig. 12-4 and Fig. 12-8) (114,115). This suggests that procainamide can produce selective block in certain types of tissue. If conduction through the isthmus was saltatory and associated with such electrograms, procainamide might be able to terminate the arrhythmia. Unfortunately, high-density mapping in experimental reentrant VT has shown that such electrograms are usually recorded along the arcs of block and are more pronounced at the turning points (182,183,184 and 185). In fact, in tachycardias in which the arcs of block are long, conduction time through the isthmus is frequently rapid ( 185). Procainamide may not be expected to work in the first case but theoretically could work in the latter instance. However, block at the turning point entering the isthmus might terminate the VT. Prolongation of refractoriness seems unlikely as a mechanism of termination of stable uniform VT. A change in the effective refractory period in the right ventricle and changes at abnormal sites in the left ventricular electrogram rarely exceed 40 msec. This does not seem sufficient to produce block in VTs with cycle lengths >300 msec. In such tachycardias, the excitable gap usually significantly exceeds such a change in refractoriness. The excitable gaps in such tachycardias are typically in the range of 50 to 100 msec in the control state. The excitable gap is even less likely to be “closed” by prolongation of refractoriness by procainamide since the drug slows conduction, which tends to increase the excitable gap. However, in rapid VTs with short excitable gaps, it is possible for the gap to be closed by prolongation of refractoriness by procainamide. Clinical data suggest that tachycardias with short cycle lengths are more responsive to antiarrhythmic therapy ( 195). For a similar reason, the concept of increasing the wavelength of the cardiac impulse being antiarrhythmic generally does not appear applicable, particularly in cases with large excitable gaps. Although the model of the cardiac wavelength, which incorporates both refractoriness and conduction velocity, may be useful in assessing the effects of drugs in tachycardias with short cycle lengths and no excitable gap (i.e., those that appear to be due to a leading circle type of arrhythmia [ 193,194]) in most VTs, a large excitable gap exceeds the change in wavelength that drugs might produce. Furthermore, the study by Spinelli and Hoffman ( 192) demonstrated termination of tachycardia without any effect on the wavelength of that tissue. While I believe that wavelength is an important determinant of the initiation of reentry, it does not seem to be applicable to mechanism of drug termination in anatomically or anisotropically determined reentrant models. In my opinion, the latter two potential mechanisms may be applicable, that is, slow conduction allowing proximal parts of a refractory determined block to recover excitability, leading to a short circuit of the impulse into the isthmus of block, or slow conduction allowing convergence of the arcs of blocks producing an electrotonic drag causing inexcitability in the isthmus. A shift in the arc of block has been observed in nonsustained tachycardias ( 184,185) altering the pathway length, and Lesh et al. (196) have demonstrated the potential for electronic “drag” of the arc of block on conduction parameters through the isthmus using a computer model. Thus, both of these latter mechanisms are possible. Block I believe primarily occurs at or near the proximal entrance to the isthmus, by whatever mechanism. Detailed multisite mapping of infarction-related canine models of VT as well as those VT in humans may provide an answer. As for the mechanism of prevention of initiation of arrhythmia, this may be totally different from the mechanism of termination of the arrhythmia. For example, the wavelength of the stimulated impulse may be a critical determinant of the ability to initiate an arrhythmia. However, I do not think this is predictable since drugs that prolong refractoriness may make it easier or more difficult to initiate the arrhythmia by either facilitating the development of block or extending the refractory period beyond the wavelength of the stimulated impulse. On the other hand, drugs that shorten refractoriness have been shown to facilitate some arrhythmias ( 193,194). We have not found any relationship of drug-induced change in local right ventricular refractory periods or QT intervals on the ability to initiate arrhythmias unless the change in refractoriness is due to a reduction in excitability ( Table 12-10) (195).



TABLE 12-10. Correlation Between Efficacy and Magnitude of Change in QTc and ERP by Type lA Drugs



We have evaluated whether noninducibility of an arrhythmia in response to a drug signifies an effect of the drug on the reentrant circuit itself or an effect of the drug that limits the ability of premature stimuli to develop a reentrant circuit. In this study we used extrastimuli at increased current strength to overcome the drug's effect on local conduction and refractoriness, which might prevent the initiation of block and reentry. Although we did not use simultaneous left ventricular mapping, we found that in more than one half of patients in whom a tachycardia was not inducible during the standard protocol, a tachycardia could be initiated when the current was increased to 10 mA (187). The induced tachycardias were usually slower than the control VT. These findings suggested that in many instances a drug's primary effect might be to prevent initiation of the circuit by altering properties of propagating impulses that could produce the requisite degree of block and/or slow conduction. However, if block could be produced by facilitation of capture at earlier coupling intervals by increased current, enough slow conduction would be present to initiate and maintain the arrhythmia. The ability to achieve ventricular premature beats at closer coupling intervals by using high current overcame the limitations imposed by the drug on intervening tissue properties. Similarly, Jazayeri et al. ( 197) demonstrated a 60% reinducibility rate following isoproterenol. The mechanism of isoproterenol facilitation of reinduction was similar to that of increased current. Local refractoriness was shortened, which allowed more premature impulses to be delivered, which were then able to initiate VT. Isoproterenol-induced shortening of refractoriness was unable to overcome the efficacy of the antiarrhythmic agent in 40% of their patients. Follow-up of their patients suggested that reversal of noninducibility by isoproterenol was associated with recurrences in 3 of 10 patients, all of which occurred during periods of a heightened sympathetic tone. These latter two studies (187,197) suggest that drugs may primarily work to prevent initiation by prolonging refractoriness to exceed the wavelength of the premature impulses. Catecholamines, which shorten refractoriness more than they improve conduction, would therefore facilitate initiation of VT. Alternatively, the drugs in both studies were Class 1 agents, which can produce marked slowing of conduction from the stimulation site, preventing these impulses from arriving early enough to produce block. Failure to produce unidirectional block could also prohibit initiation of VT. Proof of this concept will require recording and stimulation from both the right and left ventricles, the latter being “site of origin” of the arrhythmia. This would allow one to determine if the stimulated beats reached the site of origin early enough to produce block. The study of Jazayeri et al. ( 197) suggested that the potential role of spontaneous fluxes in catecholamine activity may facilitate reentry in some patients and suggests a role for beta-blockers in combination with Class 1 agents. Selection of Antiarrhythmic Agents for Supraventricular Tachyarrhythmias In view of the high success rate of catheter ablation to cure atrial flutter, AV nodal tachycardias, and tachycardias associated with bypass tracts (see Chap. 13) the role of EP testing to guide antiarrhythmic therapy for these disorders is minimal. In those patients who do not wish to undergo catheter ablation, physicians often successfully use empiric antiarrhythmic therapy for mildly symptomatic patients with supraventricular arrhythmias including A–V nodal reentry, A–V reentry using a concealed or manifest bypass tract, intra-atrial and sinus node reentry, and paroxysmal atrial flutter and fibrillation. Automatic tachycardias, which by definition cannot be reproducibly initiated or terminated, do not lend themselves to electrophysiologic-guided drug therapy, and are primarily treated by catheter ablation or empiric drug therapy. It is of interest that the first published paper suggesting a role for programmed stimulation in developing drug therapy was for paroxysmal atrial fibrillation (116,117). Currently, the major indication for EP-guided antiarrhythmic therapy is for those patients who refuse catheter ablation or have failed catheter ablation. In this latter group of patients the electrophysiologic studies that are most useful are those with paroxysmal arrhythmias that are frequent and/or symptomatic (dizziness, syncope, angina, dyspnea or heart failure). The special case of the Wolff-Parkinson-White syndrome with atrial fibrillation having a rapid ventricular response that may be life-threatening has been discussed in detail in Chapter 10. All such patients should undergo electrophysiologic studies to define the number



and sites of origin of their bypass tracts as a guide to ablation, the preferred treatment for such patients at this time. The EPS may also assess the effects of antiarrhythmic agents on circus movement tachycardia, which often initiates atrial fibrillation, as well as on the antegrade effective refractory period of the bypass tract, which is the determinant of the ventricular response during atrial fibrillation ( 39,46,57,58,62,78,79 and 80). It is obvious, therefore, that patients with overt preexcitation and tachyarrhythmias are usually studied, and pharmacologic therapy is tested as part of the overall decision of choice of therapy (pharmacologic or ablative). The need to perform electrophysiologic studies of A–V nodal reentrant tachycardias or tachycardias using concealed A–V bypass tracts is less urgent, primarily because they usually are not life threatening, particularly in patients with normal hearts. Nonetheless, an electrophysiologic evaluation to evaluate the role for pharmacologic or ablative therapy is reasonable when empiric therapy has not been effective or if the patient reamains symptomatic. Currently, most electrophysiologists consider ablation the therapy of choice since it is curative (see Chap. 14), an opinion I share. Patients, however, may wish to try pharmacologic therapy first because of the potential risk of ablation-induced heart block necessitating a pacemaker (see Chap. 13). Although the role of EP-guided pharmacologic therapy is limited, the following information about drug effects on these arrhythmias provides a better understanding of the properties of the reentrant circuit as well as therapeutically useful information. The most commonly evaluated SVTs are A–V nodal reentry and reentry using concealed A–V bypass tracts. The stimulation protocols used to study these patients are detailed in Chapter 8. As described in Chapter 8, with A–V nodal reentry, beta-blockers, calcium-blockers, and digitalis primarily affect the antegrade slow pathway, while Class lA drugs usually primarily affect the retrograde fast pathway (33,34). Class lC drugs can affect either pathway (48), as can amiodarone and sotalol. Typical examples of the effect of beta-blockers, calcium-blockers, or procainamide on induced A–V nodal reentry are shown in Figure 12-50. In each of these tachycardias, the drug has rendered the arrhythmia nonsustained, where it had previously been always sustained. Termination in the antegrade slow pathway is produced by propranolol and verapamil, while termination in the retrograde fast pathway is produced by procainamide. Propranolol, and occasionally verapamil, can produce retrograde block in the fast pathway, but this is always accompanied by slowing in the antegrade slow pathway (Fig. 12-51). In my opinion, block in the retrograde fast pathway has the highest correlation with good long-term outcome. Thus, if drug therapy is to be undertaken, Class lA or lC agents, which primarily block the retrograde fast pathway, would be most effective. The proarrhythmic potential of these agents, while extremely low in patients with normal hearts, are potentially lethal. As such they are not usually used unless beta-blockers, calcium-blockers, or even digoxin have failed empirically. In that case, catheter ablation should be encouraged. Nonetheless, some patients refuse the risk of heart block and desire antiarrhythmic therapy. An easy way to test the potential effect of Class 1A or 1C agents on retrograde fast pathway conduction is to compare the response of the retrograde fast pathway to ventricular pacing before and after the drug. If one can demonstrate that block occurs retrogradely in the A–V node (i.e., a retrograde His potential can be observed), at longer cycle lengths than during control, this suggests a potent effect on the retrograde fast pathway ( Fig. 12-52). While this usually signifies a good result, we prefer to assess a drug's ability on induction of the arrhythmia rather than just to characterize its effect on the antegrade and retrograde conduction. In some instances, retrograde conduction can be slowed, but antegrade conduction may be slowed to a greater degree, and reentry may still occur, albeit more slowly. Another limitation of this technique is that unless a retrograde His deflection is seen, one cannot conclude that block is in the retrograde fast pathway, since it could be in the His-Purkinje system. Thus, complete V–A dissociation may mean block in the His-Purkinje system, and there would be no method of assessing any effect on the retrograde fast pathway. It is even theoretically possible to produce V–A block in a lower final common pathway in the A–V node and still have A–V nodal reentry occur, if the turnaround is above the lower final common pathway (see Chap. 8). As noted earlier, amiodarone and sotalol may prevent induction of sustained A–V nodal reentry by block in either the antegrade slow or retrograde fast pathway ( Fig. 12-53). The effects of these drugs should be evaluated following isoproterenol since catecholamines increase the openings of ion channels and can antagonize the drugs' effectiveness.



FIG. 12-50. Effect of beta-blockers, calcium-blockers, and Class 1A agents on A–V nodal reentry . A and B. Both propranolol and verapamil prevent sustained A–V nodal reentry by antegrade block in the slow pathway C. In contrast, procainamide results in nonsustained A–V nodal reentry by blocking retrograde conduction in the fast pathway. HB = His bundle electrogram.



FIG. 12-51. Propranolol producing retrograde block in the fast pathway during A–V nodal reentry. A. Sustained A–V nodal reentry is initiated with an atrial premature beat. B. In the control state, 1:1 V–A conduction over the fast pathway is shown at a cycle length of 300 msec. C. Following administration of propranolol, only two echo beats are seen. The second echo terminates with retrograde block in the fast pathway. Note that there is a marked increase in the antegrade slow pathway conduction before block in the retrograde fast pathway. D. Following administration of propranolol, retrograde conduction is no longer possible. See text for discussion. VCL = ventricular paced cycle length.



FIG. 12-52. Use of response to ventricular pacing to assess retrograde fast pathway function . A. In the control tracing in a patient with A–V nodal reentry, retrograde conduction over the fast pathway was maintained at a ventricular paced cycle length (VCL) of 370 msec. The H–A interval is 20 msec. B. Following procainamide, there is a minimal increase in the H–A interval representing prolongation in retrograde conduction through the fast pathway. Following the fifth stimulated ventricular impulse at a VCL of 600 msec, retrograde block in the A–V node is seen. While this may correlate with retrograde block in the fast pathway, retrograde block may also occur in the lower final common pathway. See text for discussion.



FIG. 12-53. Effects of amiodarone on A–V nodal reentry. A. Rapid atrial pacing at a cycle length of 310 msec initiates A–V nodal reentry. The cycle length of A–V nodal reentry is approximately 350 msec. B. Following amiodarone, only nonsustained A–V nodal reentry is induced and terminates spontaneously by block retrogradely in the fast pathway ( arrow). C. When induction of A–V nodal reentry is attempted at a shorter drive cycle length, nonsustained A–V nodal reentry also results, but on this occasion termination results because of block in the antegrade slow pathway ( arrow). See text for discussion.



Electrophysiologic testing may also be useful in developing antiarrhythmic therapy for concealed A–V bypass tracts for which empiric therapy has failed or at the patient's request. As discussed in Chapter 13, ablation is the most cost-effective therapy of these arrhythmias. An example of serial drug studies on circus movement tachycardia using a left-sided bypass tract is shown in Figure 12-54. As with A–V nodal reentry, drugs that produce retrograde block in the bypass tract are most effective in suppressing spontaneous recurrences. The Class lC agents and occasionally amiodarone are most effective in doing this ( 46,47 and 48,57,58,76,79). However, block in the antegrade limb of the reentrant circuit (i.e., the A–V node) by beta-blockers, calcium-blockers, or digitalis are often useful. This response is not as accurate a predictor, however, since A–V nodal function can be altered by autonomic tone. We often, therefore, use isoproterenol to see whether we can reverse the effect of antiarrhythmic agents to prevent induction of the arrhythmia to assess the potential influence of change in autonomic tone (i.e., primarily enhanced sympathetic tone) on the drug's effect to prevent the arrhythmia. As discussed above, isoproterenol and exercise can reverse many of the effects of drugs, including amiodarone, used in the treatment of supraventricular arrhythmias by their effects on ion channel opening ( 79).



FIG. 12-54. Predicted results of drug therapy for supraventricular tachycardia. In each panel, leads 1, 2, and V 1 are shown with electrograms from the HRA and RVA. During the control study (top), additional electrograms from the CS and the HBE are shown. SVT using a concealed left-sided bypass tract is initiated by a single ventricular premature depolarization (S 2, arrow) during ventricular pacing (S 1–S1). In the control study, propranolol, digitalis, and disopyramide do not prevent the initiation of SVT by ventricular extrastimuli. Procainamide prevents the initiation of SVT by producing retrograde block in the bypass tract. Chronic oral therapy with procainamide has prevented recurrences of SVT.



Type lC agents and amiodarone are occasionally useful in suppressing incessant tachycardias using slowly conducting bypass tracts ( 47). Catheter or even surgical ablation is the first choice of therapy for this SVT as well as for incessant atrial tachycardias. These will be discussed further in Chapter 13. There are less data concerning the role of programmed stimulation in the management of atrial fibrillation or flutter. I am not convinced there are any data that electrophysiologic studies are useful. Atrial fibrillation is a heterogeneous group of arrhythmias (see Chap. 9), some of which may be treated by catheter or surgical based ablative therapy (see Chap. 13). One also needs to consider the nature of the immediate cause of the arrhythmia and the associated heart disease as far as likelihood of drug efficacy. I do not believe one can compare efficacy of antiarrhythmic therapy (empirically administered or EP guided) in patients with atrial fibrillation and normal hearts with those having severe cardiomyopathies, hypertension, or other disorders producing fixed atrial pathology. Amiodarone seems to be the most effective drug in the prevention of atrial fibrillation ( 65,198). Although I am not convinced that electrophysiologic studies are useful in assessing its efficacy, preliminary data from our laboratory have suggested that amiodarone is not likely to be successful if changes in the atrial refractory period produced by amiodarone are either initially less than 10 msec or diminish over time to 10 msec or less. In such cases, electrophysiologic studies appear to have reasonable negative predictive value, that is, predicting failure. It is of interest that the mechanism of antiarrhythmic drugs to terminate atrial flutter or fibrillation bears no relationship to the class action of the agent. Class 1A, 1C, and III agents always selectively block in the isthmus of atrial flutter (see Chap. 9) or areas of fractionated electrograms. Since the action of these agents on ion channels is so different, this observation confirms our ignorance of the mechanisms by which drugs are antiarrhythmic. The Sicilian Gambit ( 199,200) proposes to attack the “weak link” of arrhythmias with antiarrhythmic agents, but defining the weak link and relating it to the ion channel effects of these drugs is problematic. In summary, programmed stimulation can be a useful technique to assess the efficacy of therapy of SVT, particularly in A–V nodal reentry and reentry incorporating an atrioventricular bypass tract, either manifest or concealed. Although the efficacy of programmed stimulation for other supraventricular arrhythmias is suggested, it is not established. In such instances, however, programmed stimulation may predict the likelihood of failure of antiarrhythmic therapy; this, in fact, may be useful in developing an alternative mode of therapy. Proarrhythmic Effects of Antiarrhythmic Agents It is commonly held that antiarrhythmic agents may facilitate arrhythmias as well as prevent them. Since we have little understanding as to the mechanism by which drugs are therapeutic (i.e., prevent arrhythmias), it follows that we are equally ignorant of the mechanisms by which antiarrhythmic agents are proarrhythmic. The definition of proarrhythmia is a problem. One must distinguish between a proarrhythmic drug effect versus drug failure or spontaneous variability of the arrhythmia (161,201,202,203,204,205,206,207,208,209,210,211,212 and 213). One, therefore, is required to know the natural history of arrhythmias to make any sense out of this problem. Several reviews (201,202 and 203) have not considered this aspect of arrhythmogenesis. The natural history of disease may be influenced by the underlying etiology (coronary vs. noncoronary) or the arrhythmia itself (sustained uniform VT vs. cardiac arrest following myocardial infarction). Two generally accepted examples of proarrhythmia are torsades de pointes and the development of incessant VT. Dessertenne ( 204) initially described torsades de pointes as a polymorphic VT associated with long QT intervals and with transient abnormalities. One of those abnormalities was the use of drugs such as quinidine. At approximately the same time, Selzer and Wray (214) described quinidine syncope during treatment for atrial arrhythmias ( Fig. 12-55). Torsades de pointes was believed to be due to triggered activity produced by early afterdepolarizations ( 205,206,207,208 and 209). Currently the role of early afterdepolarizations has been more as an initiator of torsades. Whether the early afterdepolarizations then result in continuous triggered activity or, more likely, the sustained tachycardia is



produced by abnormal automaticity or reentry has not yet been established ( 206,209,215). This arrhythmia can be produced by Class lA agents and Class 3 agents, but I have also seen mexiletine-induced torsade de pointes. Despite its effect on the QT interval, amiodarone has a low incidence of torsades de pointes, although it does occur. I have seen only 11 examples of torsades de pointes attributable to amiodarone among more than 1400 patients in whom this drug has been used over the past 25 years. Eight had renal failure, and all had marked suppression of sinus node function and junctional rhythm as well as significant structural heart disease. Hypokalemia tends to precipitate this arrhythmia, consistent with experimental data ( 208). Kadish et al. (216) noted that patients who developed torsade de pointes on Class lA drugs exhibited an increase in the corrected QT interval on exercise ( Fig. 12-56). This was significantly different from controls. This suggests that response of the QTC during exercise might be a useful screening procedure for patients in whom therapy with Class lA agents is considered. Further data are necessary to confirm this observation and to address the predictive value of an abnormal response. Women more frequently get torsades de pointes than men (except with amiodarone). Torsades frequently occurs at low doses of Class 1A agents and is dose-dependent for Class 3 agents.



FIG. 12-55. Quinidine syncope. Top. Nonsustained asymptomatic ventricular arrhythmias are present in the control state. Bottom. Attempted suppression of these arrhythmias by quinidine resulted in prolongation of the QT interval and classic torsade de pointes with syncope and cardiac arrest.



FIG. 12-56. Relationship of change in corrected QT interval during exercise between patients with torsade de pointes and control patients. The change in corrected Q–TC is shown on the vertical axis for patients with torsade de pointes induced by Class lA agents and for control patients. The patients with drug-induced torsade de pointes have an increase in their corrected QT interval to exercise, while controls have a decrease. See text for discussion.



The development of incessant VT is invariably produced by antiarrhythmic agents that slow ventricular conduction. Thus, incessant uniform tachycardia can be produced by Class lA and lC agents as well as by amiodarone. Incessant supraventricular arrhythmias, particularly the Wolff-Parkinson-White syndrome, may also be produced by drugs that are associated with antegrade block in the bypass tract and slow conduction down the A–V node. However, it is the ventricular proarrhythmic effects that have received most of the attention, since they can be lethal. The incessant VTs associated with Class lA agents appear to be identical to those occurring spontaneously, the only difference being they occur with great frequency or are persistent ( Fig. 12-57). They are of uniform morphology and can only be transiently terminated by pacing. This may or may not be a dose-related response, since it may occur at low doses and may be prevented by higher doses or it may be the result of too high a dose. In either case, slowing of conduction seems to be the main culprit perpetuating the arrhythmia.



FIG. 12-57. Induction of incessant tachycardia by procainamide. In the baseline study (top), nonsustained VTs associated with exercise are observed. Following attempted suppression of these arrhythmias by procainamide, sustained incessant VT is seen.



The incessant arrhythmias induced by Class lC agents can be similar to those induced by lA, but they can also be more malignant, producing a sine wave-like tachycardia or a ventricular arrhythmia in a patient who has never had a ventricular arrhythmia before. These tachyarrhythmias are almost invariably associated with hemodynamic embarrassment, with or without cardiovascular collapse. Moreover, they are often difficult to cardiovert. The latter group of arrhythmias is most commonly seen in patients with preexistent heart disease and prior ventricular arrhythmias who have received too high a dose or doses that have been increased too rapidly (161,201,202 and 203,210,211). Occasionally, exercise testing brings on these disastrous events ( 161,211), most likely due to marked use-dependent effects of these drugs (Fig. 12-58A and Fig. 12-58B). This can also be seen with slowing of atrial flutter resulting in one-to-one conduction. As such, I always recommend beta-blockers with Class 1C agents. More difficult to establish as having proarrhythmia are patients who develop a sustained arrhythmia for the first time while on an antiarrhythmic drug, whether this presents as syncope or cardiac arrest, or just as a VT of new morphology. Similarly, the appearance of a spontaneous sustained tachycardia in a patient who has only had asymptomatic nonsustained arrhythmias need not represent a proarrhythmic effect ( 201,203,212,213).



FIG. 12-58. Proarrhythmic effect of class 1C agents. A. Prolongation of the QRS is seen in sinus rhythm. B. During exercise testing, a wide, sine wave-like tachycardia is induced. The patient, who had a cardiomyopathy, never had sustained arrhythmias. Note the ST elevation in V 1 and V2 mimicking a Brugada syndrome ECG. There was no family history of sudden death and the patient always had a normal ECG before the Class 1C was administered.



Another mechanism by which IC or other sodium blocking agents may be proarrhythmic is in the induction of Phase 2 reentry. This mechanism, which has been recently described ( 217,218,219,220 and 221), may be responsible for the increased mortality in the CAST study. Physiologic support of this mechanism is the exaggeration of the ST segment in the Brugada syndrome and the occasional initiation of ventricular fibrillation in these patients by sodium channel-blocking agents. Electrophysiologic Studies and Proarrhythmia One of the major questions frequently posed to electrophysiologists is whether or not electrophysiologic testing can predict the proarrhythmic effect of antiarrhythmic agents. Although some investigators (201,212,213) suggest that electrophysiologic study (EPS) testing may have a role in predicting potential proarrhythmic events, I do not believe that there are any data to support this contention. To validate their hypothesis, one must look at the EPS definitions of a proarrhythmic effect and determine whether there is evidence to support their definition. Definitions commonly used by electrophysiologists suggesting a proarrhythmic effect of a drug include the following: compared to baseline study, (a) inducible VT only on drug, (b) different morphology of VT induced, (c) faster and/or more poorly tolerated VT induced, (d) VT easier to induce, and (e) VT more difficult to terminate. To address definition 1, one needs to know the reproducibility of induction of VT (number of extrastimuli, day-to-day variability, VT morphology variability, and site-dependent variability) and that the mode of induction of VT in the laboratory is comparable to the spontaneous initiation of the arrhythmia. As discussed in Chapter 11, sustained uniform VT associated with coronary artery disease is invariably reproducible; however, the mode of initiation and/or the site of stimulation as well as morphologies and rate can vary and frequently do. In addition, the induction of VT usually requires two or more extrastimuli where the spontaneous arrhythmia is frequently initiated by late-coupled ventricular complexes, which is of a similar morphology to the VT complex (222). VT that first occurred on a drug has been suggested to reflect a proarrhythmic effect of the drug. If that were so, then the patient should have no inducible arrhythmia during control studies; the drug should facilitate induction compared to baseline, and/or if no inducible VT is present without the drug, discharge in the absence of drugs should have a good outcome. Preliminary data from our institution suggest that in most patients none of these is in fact true. We have evaluated the patients resuscitated from cardiac arrest who had the arrest while taking Class lA antiarrhythmic agents. Drug therapy was discontinued, yet most patients still had inducible VT (70%). Of the 30% without inducible VT who were discharged in the absence of medicine, four have had recurrent cardiac arrests. Thus, cardiac arrest while on a Class 1 agent, even if no inducible arrhythmia is present following drug withdrawal, suggests a substrate for arrhythmias and/or triggering mechanism (e.g., ischemia) was present, and that this was not drug induced. However, if one did have a patient without a prior history of arrhythmias in whom monomorphic VT was initiated only while on drugs, it might suggest either a proarrhythmic effect of the drug or that the drug may predict the future occurrence of VT. The reproducibility of initiating a single morphologically distinct VT has been studied by Cooper et al. ( 223). These workers have demonstrated in a small group of postinfarction VT patients who had 100% inducibility that the mode of induction and the morphology of VT induced were highly variable over three consecutive studies (223). The rates of the different morphologically distinct tachycardias are not necessarily similar. Thus, the presence of a new tachycardia induced while on a drug should not be interpreted as being proarrhythmic; it may simply mean a variability of response to programmed stimulation. This is particularly true because most investigators fail to complete the stimulation protocol from both sites before testing an antiarrhythmic drug. The failure to do so often prevents them from observing multiple distinct morphologic tachycardias at different cycle lengths during control. Having a faster poorly tolerated tachycardia while on an antiarrhythmic agent does not really suggest a proarrhythmic effect. First, preliminary data from Gottlieb et al. ( 224) have shown that the greater the number of extrastimuli used and the more often the protocol is completed, faster nontolerated tachycardias are observed. While the induction of a nontolerated tachycardia has been suggested as a predictor of a nontolerated recurrence (175), this is not necessarily so. Both Kadish et al. ( 73) and Gottlieb et al. ( 176) have shown that the mode of presentation is just as important as the effect of drugs on induced VTs. Moreover, since people who have nontolerated tachycardias induced more commonly present with cardiac arrest, the induction of a nontolerated tachycardia on a drug should not and cannot be interpreted as proarrhythmic. In the study by Gottlieb et al. ( 176), regardless of what was induced in the laboratory, patients presenting with stable tachycardias had hemodynamically stable recurrences. Those presenting with cardiac arrest had recurrent cardiac arrest in 25% of individuals in whom the drug slowed the tachycardia in the laboratory. It has been stated widely that a tachycardia that is easier to induce means a proarrhythmic effect of the drug. As stated earlier in this chapter, we have never found the relative ease of induction or the absolute number of extrastimuli used to be of value in predicting recurrence (see Fig. 12-10, Fig. 12-11, Fig. 12-12 and Fig. 12-13). While the study by Cooper et al. ( 223) suggested that variability of induction is usually two extrastimuli or less, the predictive accuracy of a change in inducibility of at least two grades of stimulation (e.g., from three extrastimuli to one extrastimulus) has not been assessed. Thus, I believe that there are no hard data to support that the relative ease of induction or number of extrastimuli has any role in predicting a proarrhythmic effect. Finally, inducing a tachycardia that is harder to terminate has nothing to do with proarrhythmia. That may have something to do with termination of the arrhythmia, but it has nothing to do with the development of an arrhythmia. As previously discussed in Chapter 11, it is well known that drugs that slow conduction can make it more difficult to terminate an arrhythmia, either by preventing extrastimuli from reaching the circuit at an appropriate time interval or by accelerating arrhythmias by less clearly defined mechanisms. Therefore, in my opinion, electrophysiologic testing cannot be used to predict the type of recurrence or the frequency of recurrence. While slow tachycardias that are induced in the laboratory appear to be associated with slow recurrences, the spontaneous presentation of a slow tachycardia is a more important predictor of type of recurrence. As Gottlieb et al. ( 176) have shown, patients having cardiac arrest frequently have recurrent cardiac arrests despite the fact of having a tolerated tachycardia induced in the laboratory. As such, assessment of the proarrhythmic effect of antiarrhythmic agents cannot be considered an indication for an electrophysiologic study. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13.
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Nonpharmacologic therapy for the management of arrhythmias has become more frequent in the past decade. Technological advances are such that there are implantable devices to treat bradyarrhythmias (pacemakers) and tachyarrhythmias (implantable cardioverter-defibrillators, or ICDs). With the development of reliable nonthoracotomy lead systems, these devices can be implanted and managed completely within the electrophysiology (EP) laboratory and clinic. The indications for implantable pacemakers and defibrillators are continuously evolving as a result of numerous studies that suggest both mortality and quality of life benefit from these devices. The role of the EP laboratory in selecting patients who might benefit from these electrical forms of therapy will be the focus of this chapter. The success of implantable systems for the treatment of many arrhythmias is leading some to speculate that they may soon become the first, rather than the last, line of treatment for a variety of arrhythmias. Such blind use of implantable devices, however, would be not only an abdication of the responsibility of the electrophysiologist, but would be to the disadvantage of many patients. Implantable devices are useful, and indeed, indispensable for the treatment of many patients, but they are not in any sense benign. The role of the electrophysiologist, therefore, is and will continue to be the evaluation of the role of these devices in the treatment of each individual patient. Since electrical therapy is rapidly changing, the purpose of this chapter is not to describe the advancing technology. The purpose of this chapter is to demonstrate the value and the utility of electrophysiologic studies for patients in whom electrical devices may be used. Electrophysiologic studies are useful to define indications for therapy to select the most appropriate form of electrical therapy, to define algorithms to optimize sensing, prevention, and termination of arrhythmias, to test the efficacy and safety of newer antitachycardia devices, and as a research tool. It is likely that the distinction between “bradycardia” and “tachycardia” devices will blur in the near future because of the recognition of comorbidities that can be treated with a single device.



ELECTRICAL THERAPY OF BRADYARRHYTHMIAS The past few decades have seen great advances in bradycardia pacing therapy. The initial indication for an implantable pacemaker was complete heart block. Early pacemakers were nonprogrammable and had no sensing capabilities. Modern implantable pacemakers are programmable, are capable of changing pacing mode in response to arrhythmia, and can perform overdrive pacing. In addition, it is likely that pacemakers will be capable of classifying and storing atrial and ventricular arrhythmias, thus, making them useful as diagnostic tools and as instruments to evaluate therapy. Pacemaker indications continue to expand and currently include biventricular pacing to treat heart failure in patients in whom lack of biventricular synchronization may contribute to poor hemodynamic performance. Pacemakers are also useful in selected patients with autonomic mediated syncope (vasovagal syncope) in which pacemakers with rate hysteresis may provide benefit. In addition, ablation of the A–V junction followed by implantation of a pacemaker is now an accepted method of nonpharmacologic therapy of atrial fibrillation with rapid ventricular response (see Chap. 14). The primary role of the electrophysiologic study has remained the same, however, that is, selecting patients requiring pacemakers. Most of the indications for implantation of bradypacemakers are discussed in Chapter 3, Chapter 4 and Chapter 5, which deal with sinus node function and A–V conduction disturbances. Electrophysiologic studies remain useful in documenting (a) the presence of sinus node dysfunction in patients with symptoms without documented bradyarrhythmias in whom a pacemaker is indicated; (b) markedly prolonged H–V intervals (>100 msec), pacing-induced block below the His at heart rates 


TABLE 13-1. Recommended Indications for Permanent Pacing in Different Conditions



ELECTRICAL THERAPY OF TACHYARRHYTHMIAS Although electrical forms of therapy have primarily been used to terminate tachyarrhythmias (i.e., antitachycardia pacing, cardioversion, and defibrillation), a limited role also exists for electrical forms of prevention of atrial and ventricular tachyarrhythmias ( 5,6,7,8,9 and 10). The electrophysiologic laboratory is invaluable in assessing not only whether tachyarrhythmias can be terminated by pacing modalities, but also in defining those modalities that are safest and most effective. In addition, the laboratory can also be employed to assess whether any method of stimulation would be useful to prevent the occurrence of the arrhythmias. The clinical electrophysiology laboratory also serves as an important forum for clinical research to develop new techniques for prevention and termination of tachyarrhythmias. Prevention of Atrial Arrhythmias Reentrant supraventricular arrhythmias can be prevented by a variety of pacing techniques. Simultaneous or nearly simultaneous (short A–V intervals) dual-chamber pacing has been used to abolish A–V nodal reentrant tachyarrhythmias and those using accessory pathways ( 11,12 and 13). Although these pacing modalities can be demonstrated to be effective in the laboratory, these techniques not only have hemodynamic disadvantages, but currently they are rarely necessary. Most of these supraventricular arrhythmias can be successfully treated with antiarrhythmic agents or can be cured with catheter ablation techniques or surgery (see Chap. 14). Obviously, in those cases in which drugs do not work and/or ablation or surgery is not desired by the patient, currently available dual-chamber DDD pacemakers can be considered in selected patients. However, careful preoperative study in the electrophysiology laboratory is mandatory to demonstrate efficacy, lack of arrhythmia induction (e.g., atrial fibrillation), or hemodynamic embarrassment. Another potential mode of prevention of atrioventricular tachycardias, or in fact potentially those due to A–V nodal reentry, is the use of atrial train stimulation. This technique, described by Kuck et al. ( 14), uses a train of atrial extrastimuli that extend just beyond the atrial refractory period. This enables the first impulse delivered beyond the refractory period to capture the atrium and render it refractory to retrograde capture over a bypass tract. This technique unfortunately is of limited value since the single atrial stimulus can theoretically propagate down the A–V node and reinitiate the tachycardia circuit. A–V block of the captured atrial impulse is required to prevent the arrhythmia. There have never been any prospective studies showing that this can work clinically and, in my opinion, it is only of interest for laboratory investigation. An emerging field in the device management of tachyarrhythmias is the use of atrial pacing for the prevention of atrial fibrillation. Few prospective trials in this field exist. The efficacy of multisite pacing, pacing from sites other than the high right atrium, or overdrive atrial pacing in the prevention of recurrences of atrial fibrillation are currently active areas of investigation. The rational for multisite pacing is based on the premise that intra-atrial conduction delays are necessary to sustain atrial fibrillation. One technique is dual-site right atrial pacing, with simultaneous pacing of the high right atrium and the coronary sinus (CS) ostium. This has been shown to reduce global atrial activation time (P-wave duration), reduce dispersion of refractoriness, and produce lesser degrees of conduction delay in response to closely coupled atrial premature beats ( 15). In addition, sites of maximum conduction delay for atrial premature beats from the high right atrium have been shown to be in the interatrial septum and coronary sinus ostium ( 15,16,17 and 18), which may be shortened with dual-site pacing. Dual-site pacing has been shown in a limited number of patients to reduce the frequency of AF recurrences compared to pacing at either the high right atrium or the CS os alone ( 15,16). Another technique is biatrial pacing, using a high right atrial site and a mid or distal coronary sinus site ( 19). This technique has been employed in patients with marked interatrial conduction defects (prolonged and notched P waves) in hopes that resynchronization of the atria, particularly during APCs, can prevent atrial flutter or fibrillation. Daubert and colleagues have extensive experience in this area and have shown a beneficial effect (i.e., prevention of atrial fibrillation) of triggered biatrial pacing in 30% to 40% of patients (20). In addition, biatrial pacing results in more synchronous atrial activation, and limits the interatrial conduction delay that may be important in propagating atrial fibrillation. Finally, we have shown that CS (mid or distal) pacing can prevent atrial fibrillation induced by right atrial APCs ( Fig. 13-1) (21). The rationale is based on the evidence that distal CS pacing limits the prematurity of high right atrial (HRA) premature depolarizations (APDs) at the posterior triangle of Koch, thereby suppressing the propensity of HRA APDs to induce AF ( 18). In addition it may alter the influence of conduction delays due to nonuniform anisotropy that are associated with induction of atrial fibrillation ( 21). The role of interatrial conduction in the maintainance of atrial fibrillation is also of current interest. One anatomic connection previously noted is Bachmanns' bundle ( 22). Limited data in few patients have suggested that permanent pacing from the right anterior interatrial septum at the region of Bachmanns' bundle significantly delayed the time to development of chronic atrial fibrillation compared with pacing from the standard right atrial appendage site (23).



FIG. 13-1. Prevention of induction of atrial fibrillation by coronary sinus pacing ECG leads 2 and V1 are displayed with electrograms from the high right atrium (HRA), distal (d) to proximal (p) His bundle (HBE), coronary sinus (CSp to CSd), slow pathway (SPd and SPp), and right ventricular apex (RVA). In the top panel an HRA extrastimulus delivered at a coupling interval of 170 msec during pacing from the CSp fails to initiate any arrhythmia. In the bottom panel, an atrial extrastimulus from the HRA at the same coupling interval during HRA stimulation induces atrial fibrillation. See text for discussion. (From: Papageorgiou P, Anselme F, Kirchhof CJHJ, et al. Coronary sinus pacing prevents induction of atrial fibrillation. Circ 1997;96:1893–1898.)



Finally, current studies are under way to evaluate the efficacy of overdrive atrial pacing in the prevention of AF recurrences in patients with paroxysmal AF. Chronically pacing the atrium at rates slightly faster than the intrinsic sinus may synchronize intra-atrial conduction and reduce heterogeneity, thereby precluding the wavelets that initiate and maintain atrial fibrillation from occurring. In addition, temporary biatrial pacing using epicardial wires in the post-CABG period is also being investigated as a potential method of preventing postoperative atrial fibrillation ( 24). Conflicting data exist about the efficacy of overdrive in preventing postoperative AF. Further studies are required before advocating such pacing routinely. Prevention of Ventricular Arrhythmias There is limited information available to assess the ability to prevent ventricular tachyarrhythmias by pacing. As such, the role of pacing in tachycardia prevention is



limited at present. Obviously, the mechanism of the arrhythmia determines what mode of pacing could theoretically be used to prevent it. One of the important factors in the pathophysiology of arrhythmogenesis is heart rate, which may affect refractoriness or impulse formation of the tissues involved in the tachycardia. Rate is particularly important as a modifier of ventricular and/or His-Purkinje refractoriness, and is clearly related to bradycardic-dependent arrhythmias regardless of mechanism (i.e., early afterdepolarizations or reentry). Increased heart rate may also potentiate triggered activity due to delayed after depolarizations. The autonomic nervous system also has an important influence in arrhythmogenesis, which cannot be modified adequately by pacing alone. APCs and VPCs, when they occur at critical coupling intervals, play an important role in initiating the arrhythmia. Preventative pacing modalities are mainly directed toward altering the critically coupled APCs and/or VPCs and the ambient heart rates that influence initiation of arrhythmias. It is obvious that since the autonomic nervous system may play an important role in arrhythmogenesis, the variable influence of the nervous system on the heart will always place a limitation on pacing techniques as the sole method of preventing atrial or ventricular tachyarrhythmias. To consider the use of preventative pacing, one must analyze the mode of spontaneous initiation of the arrhythmia, particularly its relationship to heart rate, the frequency and coupling intervals of initiating complexes (be they atrial or ventricular), the presence of long-short and short-long-short intervals, and other patterns of initiation of bradycardic-dependent tachyarrhythmias. Overdrive pacing has previously been shown (albeit never in a prospective trial) to decrease spontaneous ectopy ( 5,6), although complete suppression of nonsustained VT and VPCs is uncommon. However, when overdrive pacing is used in an attempt to prevent sustained ventricular arrhythmias associated with coronary artery disease, the results are unreliable and, potentially, proarrhythmic ( 6,7). This is not difficult to understand, nor should it be surprising, since initiation of malignant ventricular arrhythmias can depend on alterations in refractory periods, arrhythmic triggers (i.e., APCs and VPCs), changes in heart rate, altered autonomic influences, and ischemia, many of which are not affected by pacing. Another potential method of preventative pacing is “rate smoothing,” a modality incorporated into some devices at this time. This technique uses demand pacing modalities to prevent the long pauses associated with either long-short intervals or short-long-short intervals that appear to be associated with the initiation of certain arrhythmias. It has been suggested that by preventing long pauses using VVI pacing, VPCs will be less likely to produce the required block and slow conduction necessary for reentry. However, in our institution, analysis of the spontaneous onset of VT with cycle lengths of >350 msec recorded on telemetry or Holter monitor has demonstrated that 50% of these tachycardias have their onset preceded by a pause with or without a preceding short cycle (VPC). Only one half of these (25%), however, will have this as the only mode of initiation. In the remaining 50%, the onset of VT begins as a late coupled VPC without preceding pauses. In these slower VTs, the initial “VPC” often has the same morphology as the remainder of the tachycardia. In the same patient, multiple episodes of the same ventricular tachyarrhythmia may have different modes of initiation (Fig. 13-2). Sinus tachycardia, or at least sinus acceleration, is also seen before initiation of many ventricular tachyarrhythmias. Fast VT or VF is more often initiated by a short coupled VPC, which is usually different than the subsequent complexes.



FIG. 13-2. Multiple mechanisms of tachycardia initiation. Lead 2 rhythm strips are shown with three spontaneous episodes of an identical ventricular tachycardia (VT). All VT are initiated following the T-wave of the preceding complex, and there is no specific long-short, short-long-short, or sinus acceleration preceding the onset of the VT. See text for discussion.



It is obvious that VVI pacing or rate smoothing pacing to eliminate the pauses may affect arrhythmias that are initiated by long-short intervals but is unlikely to have any effect on arrhythmias initiated in association with sinus acceleration or by long coupled VPCs. Moreover, undersensing VPCs, for any of a variety of reasons, can lead to the introduction of critically coupled stimulated ventricular impulses that can initiate VT or VF ( Fig. 13-3). This phenomenon has also been seen in newer antitachycardia/defibrillator devices using automatic gain control in which the amplitude of the sinus complex electrogram can be decreased following a VPC or any other arrhythmia, all of which affect the autogain control. In this situation a backup demand-paced impulse can initiate a ventricular arrhythmia that may require electric cardioversion ( 8). Thus, while rate smoothing could theoretically prevent long-short or short-long-short intervals, it is only applicable to a small percentage of those patients with malignant ventricular arrhythmias.



FIG. 13-3. Preventative overdrive pacing initiating ventricular tachycardia A lead 2 rhythm strip is shown in which overdrive of ventricular pacing at a rate of 80 beats per minute is being used to prevent spontaneous VT. In the middle of the top panel, a ventricular premature beat occurs spontaneously, which is not sensed by the pacemaker. Subsequently, the next paced impulse occurs on time and initiates VT, which degenerates into ventricular fibrillation (VF). See text for discussion. (Modified from: LeClercq JP, Zimmermann M, Coumel P. Is it possible to prevent ventricular tachyarrhythmias by pacing? In: Breithardt G, Borggref M, Zipes DP, eds. Nonpharmacological therapy of arrhythmias. Mount Kisco, NY: Futura Publishing, 1987:395.)



The potential applicability of rate smoothing pacing modalities for arrhythmia prevention will require demonstration of both safety and efficacy before they can be used. Laboratory testing may provide some insight into the potential efficacy of such pacing by mimicking the spontaneous initiation by long-short and short-long-short intervals and demonstrating arrhythmia prevention by prohibiting the long pauses. The efficacy of such pacing, however, would be difficult to demonstrate once the device has been implanted. This is due to the low frequency of events and lack of ability (at the present time) to record the “prevented arrhythmias” (i.e., activation of rate smoothing or pacing). The latest implantable devices currently store only arrhythmias for which the device is triggered to be enabled. Even if the device could store all activations of rate smoothing modalities, this may be limited by its almost continuous use in patients with frequent APCs or VPCs. Thus, the ability to determine whether or not this form of therapy can prevent arrhythmias remains speculative. It would, however, be possible to demonstrate the potential “proarrhythmic” effects of this “preventative pacing” modality by using the system in a temporary fashion on a monitored hospital floor. Obviously, investigation of this pacing modality is required before its acceptance for clinical use. Chronic overdrive pacing has been used to prevent VPCs, but in most cases, VPC suppression serves no useful purpose. Moreover, chronic overdrive pacing can be fraught with complications, both hemodynamic and electrical (i.e., induction of malignant arrhythmias). Therefore, use of pacing to manage ventricular ectopy is inadvisable as a method to prevent life-threatening arrhythmias. Occasionally, APCs may be nonconducted or VPCs may have no mechanical effect. Both situations produce an effective bradycardia, which can produce lightheadedness or syncope. This bradycardic-related symptom complex is best treated with antiarrhythmic agents to abolish the premature complexes. Pacing should not be considered unless antiarrhythmic agents fail to decrease or eliminate the ectopy or fail to increase



their coupling intervals such that mechanical efficiency is improved and symptoms are abated. The one instance when preventative pacing is clinically useful both in the acute situation, and in some cases chronically, is bradycardic-dependent arrhythmias associated with long QT intervals, i.e., torsade de pointes. Long pauses, particularly those associated with short-long-short sequences related to PVCs, can result in prolonged action potential duration and refractoriness and lead to malignant ventricular arrhythmias that are due to early afterdepolarizations or phase 2 reentry (see Chap. 11). Most cases of torsade de pointes are due to transient drug or electrolyte abnormalities and require only temporary pacing. Other causes of torsade de pointes, i.e., chronic A–V block or sinus bradycardia, can obviously be successfully remedied by ventricular pacing or dual-chamber pacing. Occasionally, long-term suppression of torsade de pointes in patients with acquired bradycardia abnormalities or polymorphic VT associated with congenital long QT syndromes by pacing has been observed (Fig. 13-4) (9,10).



FIG. 13-4. Use of overdrive pacing to prevent torsade de pointes. A, B, and C. Spontaneous torsade de pointes, which is drug-induced, is demonstrated. The dark arrows show the terminal part of the long QT interval. D. Overdrive ventricular pacing prevents torsade de pointes. See text for discussion.



As mentioned previously, long pauses can prolong refractoriness, which can increase the likelihood of developing unidirectional block, which is required for reentrant ventricular arrhythmias. If this mechanism is thought to be responsible for spontaneous arrhythmias, an electrophysiologic study must be performed to prove such a relationship. The use of temporary pacing in the laboratory, as well as during ambulation on the hospital floor, to ensure that pacing modalities preventing long pauses are not proarrhythmic, as noted previously (see Fig. 13-2 and Fig. 13-3), is necessary before consideration of implantation of a permanent pacing system to prevent arrhythmias. Two other preventative modalities have been evaluated. The first is electrical inhibition of the myocardium by subthreshold stimuli ( 25,26 and 27). Subthreshold conditioning stimuli given during the refractory period of the ventricle prolong local ventricular refractoriness and can thereby prevent initiation of an arrhythmia by closely coupled extrastimuli. The amount of prolongation of refractoriness is directly related to the increase in current that is delivered as a conditioning pulse. This phenomenon has been shown in the atrium, ventricle, and His-Purkinje system ( 25,26 and 27). However, it is a very local effect and only prolongs refractoriness at the stimulus site or within a few millimeters of it. The mechanism by which this inhibition is produced is probably by the subthreshold stimuli causing a “hang-up” of the action potential (26). Delay in recovery produces prolongation of action potential duration and refractoriness. The localized nature of this phenomenon suggests it has limited applicability to prevention of clinical arrhythmias. Use of nonpropagatory stimuli (Impulse Dynamics, Inc.) over a larger area may be useful in terminating arrhythmias or identifying critical sites in a reentrant circuit (see Chap. 11). A second, novel, method of prevention, which has been evaluated in our laboratory, is the use of high current pacing. Marchlinski et al. ( 28,29) have evaluated the effect of high current strength pacing at the site of origin to prevent initiation of VT. They were able to demonstrate that stimulation at high current strength at the site of origin of a tachycardia simultaneous with right ventricular stimulation was able to prevent initiation of a significant number of tachycardias by programmed stimulation from the right ventricle. The use of high current appeared to be critical to produce depolarization of a larger area of myocardium that resulted in more homogeneous local activation in the area of the site of origin ( 29). In the majority of instances, however, the same or a different tachycardia could be initiated. Obviously, while the use of high current pacing using a catheter placed in the left ventricle is not applicable in a chronic situation, the success of these initial studies led to the concept that use of high current pacing on the right ventricular septum could prevent left ventricular septal tachycardias. Preliminary studies suggest that high current right ventricular pacing can prevent VT of septal origin in the setting of coronary disease in almost one-third of patients ( 30). While other tachycardias may still be initiated, this mode of prevention may be applicable to implantable devices in the future. More work is necessary to see if this form of pacing is clinically applicable. The frequent finding of multiple VT morphologies in individual patients, and the drain on battery life associated with high current stimulation, may limit the potential clinical applicability of this technique. Antitachycardia Pacing for Arrhythmia Termination Physiology of Pacing Termination For antitachycardia pacing to be a useful modality for terminating arrhythmias, the arrhythmia must be demonstrated to have a reentrant mechanism. This is most readily accomplished by demonstrating reproducible initiation of the arrhythmia, noting various resetting and entrainment responses of the arrhythmia, and demonstrating reproducible termination of the arrhythmia. In some instances, the components of a reentrant circuit can be documented by catheter mapping (e.g., in circus movement tachycardia using a bypass tract), or by high-density mapping intraoperatively (see Chap. 8, Chap. 10, Chap. 11, and Chap. 14). Obviously, reproducible termination of the arrhythmia by pacing in the laboratory is mandatory before considering pacing as primary therapy for the patient. Moreover, before considering implantation of a device, effective and safe termination of multiple episodes should be demonstrated. As discussed in Chapter 8, Chapter 10, and Chapter 11, factors that affect the ability to terminate a reentrant arrhythmia include (a) the tachycardia cycle length (perhaps most important), (b) the duration of the excitable gap within the reentrant circuit, (c) the functional and/or anatomic distance from the stimulation site to the circuit to be influenced, and (d) the conduction time through and refractoriness of the tissue between the site of stimulation and the reentrant circuit. All these factors are interrelated, since the more rapid the tachycardia, the shorter the excitable gap, and the greater the difficulty of the paced extrastimulus to traverse the myocardium between the pacing site and tachycardia circuit to interact with the circuit at a critical point in time to terminate the arrhythmia. The use of multiple extrastimuli, which act to both peel back and shorten intervening tissue refractoriness, facilitates the ability to reach the reentrant circuit and terminate the arrhythmia. To terminate the arrhythmia, the impulses must reach the reentrant circuit and enter it during the excitable gap. This impulse must simultaneously block in the orthodromic direction and conduct in the retrograde direction (antidromic direction) to collide with the head of the preceding wavefront. Only when both of these conditions are present will the tachycardia be terminated. As discussed in great detail in Chapter 11, before terminating arrhythmia, extrastimuli may reset the tachycardia. In this instance, while collision in the antidromic direction occurs, the impulse still can propagate in the orthodromic direction and emerge from the reentrant circuit; the tachycardia will be thereafter maintained. Depending on whether or not the extrastimulus encroaches on the refractory period of the preceding wavefront, the conduction of the stimulated impulse in the orthodromic direction will be uninfluenced or slowed. If stimulation is continued at a constant paced cycle length, conduction in the orthodromic direction may become prolonged but stable, or the tachycardia may terminate following progressive delay then block in the orthodromic direction. Tachycardias that are able to be terminated by pacing can be reset at longer paced coupling intervals or paced cycle lengths than those that result in termination of the tachycardia ( 31,32). The “resetting response curves” described in Chapter 11 allow characterization of the excitable gap ( 33,34). For VT we have recently shown that the slope of the resetting curve can be used to predict the ability of extrastimuli to terminate uniform VT ( 35). The size of the reentrant circuit and the different types of tissues involved in the reentrant circuit markedly influence the ability to terminate the tachycardia. For example, in patients with circus movement tachycardia using an accessory pathway, the tachycardia is composed of multiple types of tissues and is large. This allows extrastimuli from a variety of regions in the heart to terminate the arrhythmia. It is not surprising, therefore, that extrastimuli more readily terminate circus movement tachycardias using an accessory pathway than SVT that is due to A–V nodal reentry or intra-atrial reentry (see Chap. 8 and Chap. 10). Antitachycardia Pacing Modalities A wide variety of pacing algorithms have been used to terminate clinical reentrant tachycardias. One example is the use of scanning modalities in which the coupling



interval of one, two, or three extrastimuli are individually decreased to terminate the arrhythmia. Two methods of antitachycardia pacing (ATP) most commonly used in devices today are rate adaptive burst pacing and autodecremental or ramp pacing. With rate adaptive burst pacing, the device is programmed to deliver a set number of pulses at a constant cycle length per sequence. The sequences may be repeated, decrementing cycle lengths per sequence. The cycle lengths are introduced usually at a programmed percentage of the cycle length of the detected tachycardia. The coupling interval of the first paced complex of the train may also be separately programmed. In the autodecremental or ramp pacing mode, the initial coupling interval within a sequence is also based on a percentage of the tachycardia cycle length. Within the pacing sequence, however, each coupling interval is decremented by a set amount. The sequences are repeated with the addition of an additional decremented extrastimulus added to the preceding sequence. All of these pacing modalities may be initiated using specific preset coupling intervals or paced cycle lengths; however, it is more appropriate for each of these pacing modalities to be introduced as a percentage of the tachycardia cycle length (i.e., adaptive mode) since tachycardia cycle lengths may vary or multiple tachycardias may be present in an individual patient. This allows the antitachycardia pacing device to respond to spontaneous or induced variations in tachycardia cycle lengths. Various types of pacing modalities have been reviewed by Fisher et al. ( 36). Examples of various pacing modalities are diagrammed in Figure 13-5.



FIG. 13-5. Different antitachycardia pacing modalities. Panel A, Panel B. Examples of two most commonly used antitachycardia paced modalities are: (1) burst pacing, in which bursts of extrastimuli are introduced in sequences of decremental intervals; (2) autodecremental, in which progressively premature extrastimuli are sequentially introduced until the tachycardia terminates. See text for discussion. I = interval.



Studies comparing these individual pacing modalities are limited, but in general, techniques using multiple extrastimuli, regardless of modality, are superior to those using only one or two extrastimuli for tachycardia termination ( 37,38,39 and 40). The addition of multiple extrastimuli is used to increase the probability of a stimulus to interact with the VT circuit, at a slightly increased risk of accelerating the VT. The risk is particularly increased with the use of longer pacing trains or more tightly coupled extrastimuli. In one study, the incidence of accelerating VT to VF with the use of burst pacing from the right ventricle was 18% ( 40). An example of VT accelerating to VF after ATP is shown in Figure 13-6. A method combining burst pacing and autodecremental extrastimuli has been described by den Dulk et al. ( 37) as a “universal” pacing mode that is particularly useful for VT termination. It is my impression that “autodecremental” modalities have gained favor for treating ventricular tachyarrhythmias, although data from our laboratory suggest there is little difference between adaptive burst methods and autodecremental methods. Fisher et al. (36) have noted similar results. On the other hand, Charos et al. ( 39) suggest that autodecremental pacing may be more successful than overdrive burst pacing in the termination of VT (Table 13-2). However, the low success rate of overdrive burst pacing in their study is surprising. Our data described in Chapter 11 (Table 11-12) and those of Naccarelli et al. ( Table 13-3) (40) demonstrate a much higher success rate of burst pacing than that reported by Charos et al. ( 39). Other studies comparing the two methods with regard to success of VT termination and acceleration of VT to VF have shown no significant differences between the two methods when 10 msec decrements are used (Table 13-4) (41,42 and 43).



FIG. 13-6. Conversion of VT to VF by ATP VT is appropriately detected at cycle length of 270 msec, which initiates ATP. ATP converted VT to VF, which is appropriately detected by the device, and is defibrillated.



TABLE 13-2. VT Response to Pacing: S2' S2' S3' OD Burst, DEC Overdrive (DOP)



TABLE 13-3. Relationship of VT Cycle Length to Efficacy of Pacing Techniques for Termination VT Response to Pacing: S2, S2S3, and Burst



TABLE 13-4. Comparison of Ramp Versus Burst Antitachycardia Pacing



The Role of the Electrophysiology Laboratory The major roles of the electrophysiology laboratory as related to antitachycardia pacemakers are (a) to select patients who are possible candidates for antitachycardia pacing therapy, (b) to select the mode of pacing that is most effective, and (c) to determine the safety of that pacing therapy. While all reentrant arrhythmias can be theoretically terminated by some form of electrical therapy, the role of chronic antitachycardia pacing alone in the management of arrhythmias is limited. Fisher et al. have reviewed the available reports on antitachycardia pacing for both supraventricular and ventricular arrhythmias to gain some estimate of the value of this therapeutic modality ( 38,44,45). Review of the literature, however, basically is a series of anecdotal experiences from a host of individuals, using a variety of antitachycardia pacing modalities. Although these data suggest fairly good results for both supraventricular and ventricular arrhythmias, most patients in these studies remain on antiarrhythmic agents. In fact, Peters et al. (46) have suggested a dismal long-term response because of the need for chronic pharmacologic therapy due to failure of pacing as the sole therapeutic modality. While we have several patients in whom either radiofrequency underdrive or overdrive pacing or automatically activated burst pacing devices have been effective ( Fig. 13-7), the role of pacing as the sole management of supraventricular arrhythmias has become extremely limited for a variety of reasons. First, inadvertent activation of automatic pacemakers can lead to induction of tachycardias as a result of failure of the detection algorithms or oversensing of noncardiac signals such as myopotentials that inappropriately trigger the device ( Fig. 13-7 and Fig. 13-8) (47). Second, in an attempt to terminate an arrhythmia, atrial pacing therapy can result in the induction of atrial arrhythmias, particularly atrial fibrillation. This is fairly common, occurring in 8% of episodes but in 30% of the patients ( 48). In up to 75% of these patients, the atrial fibrillation will be sustained. Induction of atrial fibrillation in patients with manifest preexcitation can lead to VF (49). Third, patient-activated devices may be inappropriately activated as a result of patient “misdiagnosis” of his own rhythm. Fortunately, the development and refinement of catheter and surgical techniques to cure the arrhythmia (see Chap. 14) have led to abandonment of chronic antitachycardia pacing modalities for the management of supraventricular arrhythmias. There is, however, interest in the use of pacing to treat atrial fibrillation (at its onset) and atrial flutter. Devices are currently under investigation that demonstrate feasibility of this approach, particularly when combined with drugs and atrial defibrillation (with backup ventricular defibrillation, Medtronic Jewel AF). The mechanism of termination of AF may be due to the fact that the initiation of that arrhythmia is by a rapid atrial tachycardia or atrial flutter, which are known to be pace-terminable. In addition, pacing can cause AF to become more disorganized and less stable, thereby resulting in spontaneous conversion.



FIG. 13-7. Termination of A–V nodal reentry and burst pacing A. (A–V) nodal reentry is present that is terminated by a burst of pacing from the coronary sinus at 240 pulses per minute (ppm) for 2.7 sec. B. Underdrive pacing that slowly scans diastole and at a fortuitously appropriate time can terminate tachycardia is shown. During underdrive pacing, the fourth extrastimulus terminates the arrhythmia. See text for discussion.



FIG. 13-8. Myopotentials activating automatic antitachycardia device. Shoulder movement, which produced myopotentials, triggers an automatic antitachycardia pacer to deliver a burst of pacing from the coronary sinus. This burst of pacing initiates SVT, which is subsequently terminated by another burst. Note the short run of atrial fibrillation, which follows the second burst before resumption of sinus rhythm. See text for discussion.



Use of antitachycardia pacing devices alone for the management of a sustained uniform VT has also diminished with the recognition of the high incidence of proarrhythmic effects that may induce lethal arrhythmias ( 40,41,42, and 43,50,51). The incidence of acceleration may be small per tachycardia episode, but acceleration probably occurs in 35% of patients in whom rapid pacing is used to terminate arrhythmias (see Chap. 11 for discussion of acceleration). Acceleration may be divided into induction of a uniform tachycardia of the same morphology, a uniform tachycardia of a different morphology, or polymorphic VT/VF (see Fig. 13-6). The mechanisms of these various types of acceleration are discussed in Chapter 11 but can be related to functional effects of rapid pacing on the tachycardia circuit itself and loss of exit block out of the tachycardias using the same or different arrhythmogenic substrates in the heart. Although antiarrhythmic agents can slow tachycardias and facilitate pacing termination, in some patients they may make the tachycardias more difficult to terminate ( 50). While it is true that slower tachycardias are less likely to be accelerated than more rapid tachycardias, primarily because they require slower rates of burst pacing or longer decremental coupling intervals (Fig. 13-9), acceleration of such tachycardias may also occur. This may be due to the use of rapid bursts of a fixed number of beats, which may terminate the initial arrhythmia and then reinitiate a different more poorly tolerated tachycardia ( Fig. 13-10). This may be due to establishing a different reentrant circuit elsewhere (different morphology) or shortening the path length of the same circuit (same or different morphology, depending on how the waveform exits the circuit and depolarizes the ventricles). Another mechanism of acceleration of a VT is the introduction of a second wavelength into the same circuit ( 52,53 and 54). Double wave reentry can happen if (a) there is a large excitable gap and/or (b) if a drug causes marked slowing of conduction without significant changes in



refractoriness. This would lead to a short wavelength of an impulse and potentially enable a second impulse with a short wavelength to fit into the circuit. Double-wave reentry usually has a cycle length 50% to 70% of the original VT ( 54). Although use of newer pacing modalities with adaptive characteristics may theoretically lead to a lower incidence of acceleration ( Fig. 13-11 and Fig. 13-12), a finite risk of acceleration always remains. In addition to the problem of acceleration, arrhythmia detection algorithms are still inadequate. Sinus tachycardia or atrial fibrillation may lead to delivery of device therapy, which may in turn produce VT or VF ( Fig. 13-13). The use of a rate detection algorithm to trigger the device has been shown to be sensitive for detecting tachycardias, but too much overlap may exist between physiologic rates of sinus tachycardia and other SVTs with VT, with a resultant limitation of specificity. Atrial fibrillation with a rapid ventricular response continues to be a serious problem for tachycardia-sensing algorithms. New criteria such as sudden onset, rate stability, sustained high rate, and QRS template matching have been developed for use in combination with rate criteria to decrease inappropriate device activation ( 55,56).



FIG. 13-9. Automatic burst pacing to terminate ventricular tachycardia. Well tolerated VT is present at 140 bpm. An automatic burst of pacing at 188 bpm is delivered for 2.7 sec which terminates the VT. NSR = normal sinus rhythm.



FIG. 13-10. Changing one VT to another by burst pacing. A V1 rhythm strip is shown. A tolerated VT with a relatively narrow LBBB morphology (A–V dissociation is present) is shown on the left. Following 5 beats of burst pacing a different VT is induced with a RBBB morphology. Despite the similar VT cycle lengths, the RBBB morphology VT was poorly tolerated.



FIG. 13-11. Termination of VT by adaptive burst pacing Leads V1, 2, and V5 are shown. On the left VT is present. An adaptive burst at 85% of the VT cycle length is delivered resulting in abrupt termination of the tachycardia. See text for discussion.



FIG. 13-12. Termination of ventricular tachycardia by an autodecremental pacing modality Leads 1, avF, and V1 are shown. On the top, the antitachycardia pacing device is used to initiate VT. One to four extrastimuli at decremental coupling intervals fail to initiate the tachycardia. When five extrastimuli are delivered, the tachycardia is terminated. See text for discussion. (From: den Dulk K, Kersschot IE, Brugada P, Wellens HJJ. Is there a universal antitachycardia pacing mode? Am J Cardiol 1986;57:950.)



FIG. 13-13. Triggering an antitachycardia pacing device by atrial fibrillation. Three rhythm strips of modified lead 2 and V are shown. Atrial fibrillation begins on the top panel with a rapid ventricular response averaging 145 beats per minute. Note the minimal irregularity of this rhythm. The VT detection rate was 140 beats per minute. The atrial fibrillation therefore was detected as VT, and a burst of ventricular pacing is initiated. This in turn initiates VT, which requires a second burst of pacing for termination. HR = heart rate; TL = time line.



A major use of the electrophysiologic laboratory is the development of new algorithms that would clearly distinguish non-VT rhythms to increase the sensitivity and specificity of tachycardia detection. Such studies, which are ongoing in our laboratory and those of others, include use of resetting responses to atrial or ventricular extrastimuli and use of electrogram timing (P/QRS logic algorithms) and morphology algorithms, many of which are described from multiple cardiac sites (35,57,58,59,60,61 and 62). The phenomenon of resetting, described in Chapter 11, can be tested in detail in the laboratory. We have found that VTs that can be reset by relatively long coupled extrastimuli (>75% of the tachycardia cycle length), and those demonstrating an increasing resetting response curve with a steep slope, are likely to be terminated by pacing modalities that have a low likelihood of acceleration. In addition, we have found that using incremental numbers of extrastimuli at a constant cycle length, the constancy of the first postpacing interval following a sequential number of extrastimuli identifies the presence of entrainment and will predict the failure of termination at that paced cycle length. This observation may be incorporated in pacing algorithms, and its presence may be used to trigger the device toward a more aggressive therapy (63,64). Whenever drugs are changed, the ability of any particular pacing modality needs to be reevaluated since the drug may alter the efficacy and/or safety of any pacing modality. Despite all of the current advances and potential advances that can be made in sensing algorithms and pacing modalities, the spectre of tachycardia acceleration will always remain. As such, limitations of antitachycardia pacing should lead one to try to maximize efficacy and safety. These limitations can be addressed by assuring that (a) all pacing modalities should be adaptive, (b) the first paced beat is synchronized to the VT, (c) the lead position is optimal to improve likelihood of termination, (d) a variety of antitachycardia pacing modalities should be available and programmable, and (e) a backup defibrillator is present. The use of such combination devices will be discussed later here, as well as the role of the electrophysiology laboratory in evaluating their safety and efficacy. In summary, before implanting an antitachycardia pacing system, one needs to evaluate several factors influencing the use and type of antitachycardia device. These include (a) the clinical arrhythmia to be treated and its response to prior therapy, (b) cardiac anatomy and function, (c) electrophysiologic characterization of the arrhythmia and potential complications of the arrhythmia, as well as the need for drug therapy, and (d) personal considerations of the patient. Specific objectives of the electrophysiologic evaluation are to (a) characterize the mechanism of the arrhythmia to be treated; (b) determine the frequency and reproducibility of pacing termination of the tachycardia; (c) define the most effective mode of antitachycardia pacing; (d) determine the likelihood of pacing-induced complications such as acceleration or induction of different arrhythmias; (e) determine whether any other arrhythmias exist that could influence the detection of arrhyth-mias and the success of antitachycardia pacing therapy or potentiate proarrhythmic effects of antitachycardia pacing; (f) estimate the need for backup of bradycardic pacing; and (g) determine the patient's psychologic and physiologic tolerance of the arrhythmia. Implantable Cardioverter/Defibrillators and Advanced Devices During the past decade or so, there has been an explosion in technology, with the development of implantable devices to treat malignant ventricular arrhythmias. This is a rapidly evolving area and, as such, the purpose of this discussion is to describe the general role of the electrophysiologic laboratory in approaching the selection of patients who are candidates for such devices and the testing of the efficacy and safety of these devices during implantation and follow-up. Discussions of the electrophysiologic and biophysical aspects of cardioversion and defibrillation, as well as the development and characteristics of newer devices, can be found in several recent reviews ( 60,61,62,63,64,65,66,67,68,69,70,71,72,73,74 and 75). In 1970 Mirowski et al. ( 76) and Schuder et al. (77) independently reported the initial animal experiments evaluating internal defibrillation. It was not until a decade later, however, that Mirowski et al. ( 78) implanted the initial prototype automatic implantable defibrillator for the management of sudden cardiac death. In the first 10 years following FDA approval many nonrandomized studies reporting on more than 10,000 implants of the initial and subsequent models of the implantable defibrillator demonstrated that the ICD could prevent sudden death. Unfortunately, these initial reports lacked controlled studies, included variable patient populations in whom the devices were implanted (the risks of sudden death varying from probably 50%), and were limited by the inability to document reasons for discharge of the device and very selective reporting. These factors limited an accurate assessment of the true value of these devices in different patient populations for preventing sudden death. An important issue that needed to be addressed was the cost effectiveness of such devices, which are the most expensive form of antitachycardia management. Nonetheless, these studies showed that in patients who have presented with a cardiac arrest the use of “primative” ICDs, which required a thoracotomy for implantation, resulted in an overall sudden death rate of 3% to 8% for the first 2 years, and somewhere between 5% and 15% at 5 years (79,80,81,82,83,84,85,86,87,88 and 89). The wide disparity of these numbers relates to suboptimal reporting techniques that failed to include sudden deaths when the device was turned off or when the battery was depleted as device failures. This is much lower than the generally accepted recurrence rate of 25% to 35% over this time. In our own experience with more than 300 implantations of thoracotomy-dependent ICDs, a 2-year failure rate (i.e., sudden death) of the device is 3% with an active device and another 2% with an inactive device (deliberate or otherwise) for an overall failure rate of 5%. In addition, 4.5% of devices were explanted for infections over the same period. There was also an approximately 3% mortality for the surgical placement of these devices in our series. Thus, at the Hospital of the University of Pennsylvania the combined 2-year failure rate, removal rate, or surgical death approached 12.5%. The Billitch Registry ( 88), which was established more than a decade ago as a multicenter attempt to better define the efficacy of device therapy, has found that most of the efficacy of these devices in preventing sudden cardiac death is in the first 2 years following implantation. Thereafter, actuarial analysis shows no significant difference between sudden death survival curves of patients in whom these devices are implanted compared to those with other forms of antiarrhythmic therapy ( 88). This registry, however, is not a prospective study and includes many types of patients with disorders having variable prognoses. Recent controlled trials of ICD therapy for both primary and secondary prevention of sudden cardiac death using pectorally implanted devices have shown that these devices are both life-saving and cost-effective (see subsequent paragraphs). The most important step for the electrophysiologist is to select the patients in whom the device is appropriate. The nature of the underlying heart disease, as well as the clinical presentation and the induced arrhythmia, are all important in selecting patients in whom devices should be implanted. In my opinion, the efficacy of pharmacologic and/or surgical therapy can only be tested by programmed stimulation in patients with coronary artery disease and preexistent infarction with reproducibly initiated uniform VT. In such patients the ability to reproducibly initiate their arrhythmia can be used to assess pharmacologic therapy, thereby making pharmacologic agents a therapeutic option. Even in these patients electrophysiologically guided pharmacologic therapy has limitations (see Chap. 12). Such testing has not been useful in patients presenting with cardiac arrest (many of whom have no inducible VT) or in those patients in whom VT is induced as a form of risk stratification (see MUSTT study below). The presence of an identifiable arrhythmogenic substrate makes surgery or catheter-based ablation additional options for therapy. However, in the patients with valvular heart disease, cardiomyopathy, or no heart disease who present with a cardiac arrest, there are insufficient data to demonstrate that the results of electrophysiologic testing can predict clinical outcome. In this regard they are totally different from those with prior myocardial infarction who present with monomorphic VT in whom electrophysiologic testing is capable of selecting effective antiarrhythmic therapy or directing surgical or cather-based ablative therapy (see Chap. 14). Significance of Clinical Presentation and Heart Disease The clinical presentation and natural history of an arrhythmia is also critical to the choice of therapy ( 90). For example, patients presenting with a cardiac arrest and who have coronary artery disease, a positive thallium test, no prior infarction, and no inducible arrhythmia are probably best treated by coronary artery bypass grafting or angioplasty (91,92,93 and 94). We have shown that anti-ischemic therapy offers excellent long-term protection from sudden cardiac death in patients who presented with a cardiac arrest, but who have no inducible arrhythmias and who have no anatomic arrhythmogenic substrate defined by multiple Q-waves, a positive signal-averaged ECG, or most specifically, by a significant number of abnormal endocardial electrograms ( 93). Such patients should not have a device implanted but should have their therapy directed toward the cause of the arrest, that is, acute ischemia. The situation is totally different in a patient with coronary artery disease who presents with a cardiac arrest but has an evidence of prior infarction, multiple areas of abnormal electrograms and wall motion abnormalities, low ejection fraction (


implanted device (80,96). This is to be distinguished from an additional 25+% of patients in whom the device has gone off in the absence of symptoms presaging what would have been a cardiac arrest (80,96). Evaluation and management of that problem will be discussed later. In view of the reported incidence of sudden cardiac death at 1 year in patients with an ICD device, which is to 1 to 4.6% and is 4 to 20% at 5 years ( 79,80,81,82,83,84,85,86,87,88 and 89), it seems clear that the device improves survival in these patients. Recurrent sudden death is highest and survival is poorest in those patients with ejection fractions 


TABLE 13-5. ICD Therapy vs. Antiarrhythmic Drugs (AAD): Secondary Prevention Trials



The role of devices for patients who present with sustained, well-tolerated uniform VT is unclear ( 101). Life table analysis shows a good prognosis for such patients, even in the presence of coronary artery disease, particularly those with single vessel disease. In the absence of heart disease ( 102), sustained monomorphic VT (i.e., idiopathic VT, see Chap. 11) is not associated with a significant incidence of sudden death with follow-up exceeding 10 years in some patients. We have also found that patients with coronary artery disease who present with well-tolerated VT have a good prognosis with regard to freedom from sudden death. Such patients have approximately a 7% incidence of sudden death in 5 years. It is even lower if VT is associated with single vessel disease. A device is unlikely to improve on that and would have the additional mortality, morbidity, and complications associated with ICDs (see below). As such, it is my opinion that patients with sustained well-tolerated VT should be primarily treated with antiarrhythmic agents or ablation. Only if their tachycardias become recurrent and/or disabling, that is, requiring multiple hospital admissions, or if the patient develops heart failure or angina, should a device or surgery be contemplated. In such patients a device should be primarily used for antitachycardia pacing or low energy cardioversion with defibrillator backup. The role of devices for primary prevention of SCD in high-risk patients who present with coronary artery disease, low ejection fraction, and asymptomatic nonsustained VT has been an active area of investigation. Two important studies, the Multicenter Automatic Defibrillator Implantation Trial (MADIT) ( 103) and the Multicenter Unsustained Tachycardia Trial (MUSTT) ( 104) showed improved survival in the ICD limbs. Both studies selected high-risk patients to undergo electrophysiology studies. If sustained VT was induced (and in MADIT was nonsuppressible by procainamide) patients were randomized to receive either ICD or antiarrhythmic drug therapy. MADIT was criticized for the small sample size, the inordinately high discontinuation rate of amiodarone (46% over the follow-up period), lack of a control limb, and as in the secondary prevention trials, a significantly higher proportion of patients in the ICD group received beta-blockers. Nevertheless, primary prevention in this subgroup of patients (history of myocardial infarction, low ejection fraction, asymptomatic nonsustained VT, inducible and nonsuppressible VT on procainamide) is now a class I indication for ICD implantation based on the results of this trial. MUSTT differed from MADIT in that the sample size was significantly larger, there was an additional arm for EP-guided drug therapy, the rate of beta-blocker use was twice that of patients in MADIT, there was a control limb, and there was follow-up of patients who were noninducible during EPS so that their outcome could also be analyzed in the future. The results of MUSTT also suggest that ICD improved overall survival, and specifically, a 74% reduction in cardiac arrest or sudden cardiac death (32% vs. 9%). The mortality of noninducible patients was significantly less than that of inducible patients, but was »4.5%/year ( 105). Another primary prevention study evaluated the effect on survival of prophylactically implanted ICDs in patients with LV dysfunction (EF < 35%) and abnormal signal-averaged ECGs at the time of their coronary artery bypass surgery (CABG-PATCH) (106). This study found no evidence of improved survival among patients with prophylactic ICDs, but it did confirm the importance of adequate revascularization in patients with CAD who are at high risk for ventricular arrhythmias. Primary prevention trials currently in progress for this are MADIT II ( 107) and the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) ( 108). MADIT II will select high-risk patients with a history of MI and low EF and randomize them to ICD versus conventional therapy, without the need for EP studies. The results of this trial will significantly impact on the use of defibrillators. The SCD-HeFT trial will test the hypothesis that amiodarone or ICD, or a combination of both, can improve overall survival when compared to placebo in patients with clinical heart failure and low ejection fraction (


TABLE 13-6. ICD Therapy vs. Conventional Therapy: Primary Prevention Trials



In addition to ventricular defibrillators, there is an interest in atrial defibrillators. Such devices are being developed in combination with ventricular defibrillators to treat AF as either a primary clinical problem (see Chap. 9 regarding the atrial fibrillation begets atrial fibrillation hypothesis) or as a comorbidity of patients at risk for



ventricular fibrillation (e.g., heart failure with risk factors; see previous paragraphs). Specific Cardiac Diseases Recent information is now available suggesting that certain underlying cardiac conditions, such as idiopathic dilated cardiomyopathy, hypertrophic obstructive cardiomyopathy, Brugada syndrome, and congenital long QT syndrome, may predispose patients to malignant ventricular arrhythmias. Although no definitive data are available regarding the efficacy of ICDs in these patients, the severity of the disease states may influence the decision and the timing of ICD implantation. There have been two trials comparing amiodarone to standard therapy for primary prevention of sudden death in patients with heart failure and left ventricular dysfunction. In the GESICA trial, there was a 27% reduction in sudden death and a 28% reduction in total mortality in the amiodarone group ( 109). This study included approximately 20% of patients in each arm with idiopathic dilated cardiomyopathy. The Survival Trial of Antiarrhythmic Therapy in Congestive Heart Failure (STAT-CHF) ( 110), however, failed to show any significant differences in overall mortality or sudden death rate between the amiodarone and placebo groups, but did find a trend toward a reduction in overall mortality among the patients with nonischemic cardiomyopathy who received amiodarone. Therefore, in patients with nonischemic cardiomyopathy and asymptomatic NSVT who are not optimal candidates for ICD implantation, the results of GESICA and STAT-CHF trials suggest that amiodarone may be beneficial. SCD-HeFT and other primary prevention trials in patients with heart failure, or just depressed LV function, will address the role of ICDs in these patient populations. The congenital long QT syndrome has variable clinical manifestations, from asymptomatic to recurrent syncope to sudden death. Because it is primarily an electrical disorder and not associated with structural heart disease, long-term prognosis is excellent if arrhythmias can be controlled or prevented. Conventionally, beta-blockers are used in patients with syncope or in asymptomatic patients with a strong family history of sudden death. ICD implantation is recommended in these patients with recurrent syncope and sustained ventricular arrhythmias, cardiac arrest despite drug therapy, and aborted sudden death as initial presentation. ICD as primary therapy may be considered in patients with a strong family history of sudden death, or in whom drug compliance may be an issue. Idiopathic ventricular fibrillation is the cause of cardiac arrest in up to 10% of young patients resuscitated from sudden death. As stated in Chapter 11 EP studies can usually induce polymorphic VT or VF, which is often suppressible with Class IA agents, but the long-term efficacy of antiarrhythmic agents in these patients is unknown. I recommed implantation of an ICD in patients with idiopathic VF given the guarded prognosis and often the young age of the affected patients. Drugs should be primary therapy only in those patients refusing or unable to undergo ICD implantation. ICD therapy is also the primary treatment for Brugada syndrome; including those patients with ventricular tachyarrhythmias and patients in high-risk families. Idiopathic ventricular tachycardias, such as those originating from the right ventricular outflow tract or the verapamil-sensitive variety from the left ventricle, are usually well-tolerated hemodynamically, with good prognosis. They should be treated with drugs or ablation, and do not require ICD implantations. Hypertrophic cardiomyopathy can also be a cause of ventricular arrhythmias and should be suspected as a cause of sudden death in young athletes. Sudden death may be the first manifestation of the disease in previously asymptomatic people. Routine screening and risk-stratification in these patients are ill-defined and are matters of controversy. Genetic testing may assist in prognosis, since available data suggest that mutations of the ß-myosin heavy-chain is accountable for up to 50% cases of familial hypertrophic cardiomyopathy. Specifically, the Arg403Gln myosin mutation appears to be associated with markedly reduced survival ( 111). Empiric use of amiodarone has been used with some efficacy but this remains controversial ( 112). Sudden death survivors should be considered for ICD therapy ( 113), although the role of ICD in patients with hypertrophic cardiomyopathy with nonsustained VT and presyncope or syncope not demonstrated to be arrhythmic is not yet proven and remains controversial. An important cause of ventricular arrhythmias is right ventricular dysplasia. Patients with RV dysplasia are considered to be at particularly high risk for sudden death if they have a strong family history of sudden death or if they have a history of syncope. Drug therapy is often ineffective. Ablation is useful for hemodynamically tolerated VT associated with RV dysplasia (see Chap. 14). In patients with cardiac arrest, recurrent arrhythmias, or syncope despite drugs or ablations, ICD implantation should be considered to prevent hemodynamically unstable VT or sudden death ( 114). ICD therapy has also been considered for patients awaiting cardiac transplantation ( 115). Sudden cardiac death is a major cause of mortality in patients on the transplant list, with an annual mortality rate of up to 20% ( 116,117). In patients with a documented history of malignant arrhythmias, ICDs appear to improve SCD rates, but the benefit on overall survival is unclear ( 117). This is mostly due to the fact that the main determinant of prognosis in these patients is left ventricular function. Furthermore, the mechanism of SCD in this group of patients is multifactorial, and includes electromechanical dissociation and bradyarrhythmias ( 118,119), which may not benefit from ICDs. There are currently no data on the prophylactic use of ICDs in patients awaiting heart transplant. My indications for ICD implantation, adapted from the ACC/AHA task force, are listed in Table 13-7.



TABLE 13-7. Recommended Indications for ICD Therapy



Significance of the Induced Rhythm Arrhythmias induced in the electrophysiologic laboratory as well as those occurring spontaneously are relevant to the type of device a patient requires and the programming that is appropriate for that patient. In patients with coronary artery disease who present with cardiac arrest, a rapid uniform VT or polymorphic VT/VF is usually induced (»85% in patients with coronary artery disease). For both arrhythmias Type I antiarrhythmic agents are usually tested to see if the tachycardia can be slowed or, in the case of polymorphic VT/VF, to see if it can be made uniform. The rationale for the use of Type I drugs for polymorphic VT/VF is that one can occasionally convert the spontaneous polymorphic tachycardia into a uniform VT that can be terminated by pacing. In that situation, antitachycardia pacing can be used as one of the treatment modalities. In addition, transformation to a uniform VT allows for the possibility of map-guided surgical therapy (see Chap. 14). If an extremely rapid VT or polymorphic VT/VF is the only arrhythmia induced (usually associated with hemodynamic collapse), programming therapies with only high energy shocks is appropriate. In patients with coronary artery disease, if more than one uniform tachycardia is induced, the ability to terminate each by a variety of pacing modalities should be evaluated. Since adaptive modes of antitachycardia pacing should be used, the rate of the tachycardia will only influence the sequence of antitachycardia algorithm pacing therapies. Thus, in devices that have different tachycardia zones, a less aggressive algorithm for delivering and tachycardia pacing therapy to deal with a slower arrhythmia can be programmed than for a faster arrhythmia. For example, if one had a VT at a rate of 


FIG. 13-14. Testing antitachycardia pacing algorithm through the device at implant A 12 lead rhythm strip is shown. At implant VT is induced by programmed stimulation through the ICD. The VT is sensed and the programmed adaptive burst is delivered, terminating the VT.



Implantation Considerations The technology of defibrillators has evolved rapidly in the 20 years since the first human implant on February 4, 1980. The original internal cardioverter-defibrillators used epicardial leads or patches, and required surgical implantation. The generators were large and were placed in an abdominal pocket, and they were only capable of high-energy shocks. Currently, ICDs utilize transvenous lead systems, with generators small enough to be implanted into the pectoral region by electrophysiologists. All currently available devices have “tiered-therapy” capabilities, meaning different types of therapies are programmable into different zones of VT or VF detection. Research continues to focus on decreasing the size of generators without sacrificing maximal available energy, improving detection algorithms, and delivering the lowest effective energy possible, thus minimizing myocardial injury. The newest defibrillators can also operate as a dual chamber pacemaker, and can deliver shocks to the atrium in addition to the ventricle to also treat atrial fibrillation. Energy delivery systems have also advanced so that subcutaneous patches are, for the most part, no longer necessary. Given the myriad of options available on ICD systems today, considerations must be given to each individual patient as to the best system for that particular person. For example, one must decide if the patient has indications for a dual chamber device ( 120). In addition to the indications for pacemakers discussed earlier in the chapter, a history of paroxysmal atrial fibrillation as well as the need for antiarrhythmic therapy, which may result in bradycardia, may also be considered as indications for a dual chamber device. Some centers implant dual chamber ICDs for all patients regardless of whether there is an immediate indication to do so, in case the patient should need a pacemaker in the future. Although this superficially does not appear unreasonable, it must be balanced against the potential complications of having an additional lead (both implant complications, late lead issues, and inappropriate therapies due to “cross talk”). Indications for dual-chambered systems are given in Table 13-8. The temptation also exists to implant the smallest device possible so as to improve patient comfort. However, a drawback of smaller devices is that they store, and thus deliver, less energy than the larger units. Some patients, such as those with idiopathic dilated or hypertrophic cardiomyopathy, may require higher energy for defibrillation and thus may need larger devices. For those patients in whom the defibrillation threshold is suspected to be high, the use of a dual coil defibrillation lead system may lower defibrillation threshold. For patients in whom defibrillation energies are not expected to be high and in whom sensing may be an issue, a single coil lead with true bipolar sensing would be preferable to a dual coil lead that currently only offers integrated bipolar sensing. A description of the most commonly used defibrillation systems available today is discussed below.



TABLE 13-8. Indications for Dual Chambered ICDS



The initial devices used epicardial lead systems, which are rarely used today. Nevertheless some of these early lead systems are still working with upgraded devices. In the rare instances that epicardial lead systems are required (e.g., no venous access), a variety of procedures may be used to implant them. These include median sternotomy, left anterior thoracotomy, as well as subxiphoid and subcostal approaches. While all have been generally successful, there are advantages and disadvantages to each. The left anterior thoracotomy approach causes pain and is associated with a higher attendant pulmonary complication rate than that associated with a median sternotomy. Both subxiphoid and subcostal approaches have the least pulmonary complications but provide less visualization of the heart and are therefore less practical in patients with prior thoracic surgical procedures or those undergoing concomitant coronary artery surgery. Obviously, if a device is being implanted concomittantly with coronary artery bypass surgery or arrhythmia surgery, a median sternotomy should be used. The subxiphoid approach is particularly useful in the patient with severe cardiomyopathy in the absence of coronary artery disease but who is at high risk for developing complications should a thoracotomy be employed. In the past we favored the subcostal approach, which, in our hands, allows reasonable visualization of the entire heart. The larger the surface area of the heart that needs to be covered by the patches and the greater the number of patches used, the greater the exposure required. This is important since, in general, the greater the surface area of the leads employed, the lower the defibrillation threshold. The use of three patches allowing sequential delivery of shocks through different pathway orientations requires a thoracotomy approach to ensure appropriate placement and fixation of these patches. This delivery system will be discussed later. The sensing electrograms may be obtained from epicardial or endocardial leads. When an epicardial lead system is placed on the heart, typically, the sensing and pacing leads may be epicardial or endocardial. If epicardial leads are used it is important to test the signals at the proposed site of the epicardial leads before they are permanently implanted. We prefer the use of endocardial bipolar leads even when epicardial defibrillating patches are used because the signal is “cleaner” and does not lose as much amplitude over the course of time as do epicardial leads. Loss of signal amplitude may lead to device malfunction. Pacing thresholds also tend to increase with epicardial leads. In addition, we have noted that the ability to initiate and terminate VT with epicardial leads is less reliable than a right ventricular electrode. Currently, nonthoracotomy, transvenous lead systems are used in 99+% of patients, obviating the need for more invasive approaches ( 121,122 and 123). These lead systems usually involve the implantation of a right ventricular lead, which has pacing and sensing capabilities as well as energy-delivery capabilities between it and an active can (see below). An addition atrial or superior vena cava electrode and, rarely, an extrathoracic subcutaneous patch or lead array are used. Although higher defibrillation energy requirements have been demonstrated with early nonthoracotomy systems (those implanted in 1993–1995), the advent of biphasic waveform delivery system as well as an active surface electrode housing the device generator have decreased the defibrillation energy threshold level to that comparable to or below epicardial systems (124,125 and 126). Energy-Delivery Systems The ICD system is composed of the pulse generator and the leads. Pulse generators have significantly decreased in size, from devices that were approximately 200cc in volume to some less than 40cc. These pulse generators consist of the battery, the capacitor, and the sensing circuitry. ICD generators must monitor electrical status through sense amplifiers, analyze waveforms for abnormal arrhythmias, deliver appropriate therapy, be reliable, and have significant lifetime before battery depletion. The power for the ICD is supplied by the battery. Most current ICDs use lithium silver vanadium oxide batteries, because this formula can best rapidly charge the capacitor to deliver the high peak currents (up to 3 amperes) needed to provide adequate defibrillation. The lifetime of the battery depends on the number of shocks delivered and the percentage of time backup pacing is required. Capacitors store the energy drawn from the battery, and the most common capacitors



currently used in ICDs are aluminum electrolytic capacitors. When voltage is discharged from capacitors, the alignment of molecules within the capacitor necessary for effective storage becomes random, and must be reestablshed by periodically charging the capacitors (capacitor reformation). Earlier devices required capacitor reformation to be performed manually via the programmer at time of clinic visits. Newer devices can automatically perform this function, usually every six months (autocap formation). The sensing circuitry consists of the electrodes, which sense local electrograms, and an amplifying system, which processes raw signals to filter out skeletal myopotential, electromagnetic interference, and noise. Defibrillation currently requires the delivery to the heart of a high-voltage shock with a duration of several milliseconds. The detailed mechanisms by which this shock interacts with individual myocytes are very complex and still not completely understood. It is understood, however, that defibrillation depends on the cumulative effect of the high-voltage pulse delivered (i.e., higher voltages for very short durations are probably no more effective than lower voltages for longer durations), and in fact that the “shape'' of the shock voltage (increasing from zero, decreasing from a maximum, or even reversing direction) significantly affects the efficacy of the shock in terminating fibrillation. The most common measure of defibril-lator output is energy (Joules). There is a maximum rate at which energy can be extracted from ICD batteries, and the energy of a shock determines how rapidly therapy can be delivered (charge time). Finally, most devices currently in use employ almost identical waveforms (truncated biphasic), and therefore total energy provides a good comparison between ICDs from different manufacturers. The design of modern ICDs is completely determined by practical considerations. With present technology, reliable defibrillation requires the ability to deliver 400–700 volts over 5–10 msec (an energy of 25–35 J). These voltages are 100–200 times higher than the voltages available in ICD batteries (2–6 volts), and the power required is close to one thousand times that which can be delivered by a battery. High-voltage therapy delivery therefore requires two steps. The energy is first extracted from the battery and stored temporarily, at much higher voltage, in a capacitor (the charge phase, usually several seconds). Once the capacitor is charged, it is connected directly to the system leads and therefore discharges rapidly across the heart (the delivery phase, usually several msec). The energy-delivery system can be described in terms of waveform, direction, timing, and quantity. Waveforms can be truncated (usually with a variable degree of tilt) and can be monophasic, biphasic, or triphasic (currently experimental). As stated above, the most commonly used waveform today is the biphasic pulse, with the two phases in opposite polarity, which has been shown to achieve the lowest DFT compared to the old monophasic or the experimental triphasic pulses (124,125,127,128). The mechanism of this is unsettled, but it has been suggested that biphasic shocks prolong refractoriness and decrease the overall dispersion refractoriness in the heart, making such shocks less likely to refibrillate the heart ( 126,127,129). An optimal biphasic waveform has an initial positive phase followed by a negative terminal phase, lower amplitude of the negative phase compared with the positive phase, and the same duration and tilt for both phases. Tilt is the ratio of the voltage at the beginning of the phase and the voltage charge at the end of the phase, expressed as a percentage. Commonly used values for biphasic waveforms are 65% for tilt, with pulse durations of 7.5–12.5 msec for each phase, and phase separations of 10 msec or less ( Fig. 13-15).



FIG. 13-15. Example of an optimal biphasic waveform A schematic of the most widely used biphasic waveform is shown.



The direction of energy delivery may be over one pathway or bidirectional (over two pathways using a three-electrode system). The timing of the pulses can be single over one pathway, simultaneous over two pathways, or sequential over one or two pathways. The relative efficacy of defibrillation using sequential pulses over two or more pathways and a single unidirectional or simultaneous bidirectional pulse has also been investigated using multiple epicardial patch electrode configurations and combinations of transvenous electrodes and epicardial or subcutaneous patch electrodes. Experimental studies have demonstrated that sequential pulse-delivery systems using multiple electrodes appear to be associated generally with lower defibrillation thresholds than a single pulse delivery system using two electrodes (130,131,132,133 and 134). There are exceptions, and a recent study in humans evaluating sequential and simultaneous pulses in the same individuals using nonthoracotomy lead systems demonstrated that it was impossible to predict which type of delivery would be successful ( 135). With the advent of active can systems using biphasic waveforms, energy requirements have been so reduced that sequential pulses are no longer used. Delivery of the defibrillation pulse to the heart requires at least one electrode in intimate contact with the ventricular tissue, either the epicardium or the endocardium, and at least one electrode away from the ventricle. Higher energy is achieved with larger electrodes, such as patches, because they can distribute current density more evenly across the myocardium. Epicardialor pericardial patches were usually sewn onto the posterolateral LV wall or the apex, and a second one against either the RV or RA. Potential complications of these patches were interference with LV function, pericardial irritation, coronary vein or artery laceration, or failure to externally defibrillate due to insulation of the heart. Initial transvenous, abdominal systems defibrillated between an electrode in the RV and a second electrode either in the SVC or in the CS. With the implant of devices in the pectoral region, and thus in close proximity to the heart, the housing of the pulse generator itself can serve as a second electrode. Because the pulse generator has a large surface area and can provide more even current distribution, defibrillation using the active pulse generator as one of the electrodes can be achieved with defibrillation thresholds comparable to or lower than that of epicardial lead systems ( 136,137). This arrangement provides a current path (shocking vector) that travels from the right ventricle superiorly and to the left to include most of the intraventricular septum and much of the left ventricular free wall. Occasionally, a third electrode is needed to provide an additional shock vector across the base of the RV in order to defibrillate the heart. The third electrode can be in the form of a single lead with dual shocking coils, with the distal coil in the right ventricle (RV) and the proximal coil anywhere from the superior vena cava (SVC) to the right atrium, depending on the anatomy of the patient. Alternatively, separate leads may be implanted in the SVC or coronary sinus (CS). In very difficult cases an additional subcutaneous patch may be added in the left subaxilary region or even the left posterior region. The goal of additional electrodes is not to improve the shock vector but more to provide the lowest possible impedance across the heart. This is because some of the defibrillation current will always travel in noncardiac tissue (lungs, muscle, skin) and is therefore wasted. By reducing the impedance of the current path across the heart with additional leads, higher currents may be delivered to the cardiac tissue. By convention, the RV electrode is designated the cathode, and the housing of the device and any additional electrode are designated the anode. Reversing the polarity of this combination has been used to attempt to lower DFT, although currently there is little data to suggest that this is reliably effective ( 138). Regardless of whether leads are epicardial, transvenous, or subcutaneous, it appears that electrode pathways that include the greatest bulk of cardiac mass, and in particular, the interventricular septum, require less energy for defibrillation ( 71,130,131). This is not surprising since (a) most VT appear to arise in the septum and (b) defibrillation requires that at least 90% of the myocardial mass be depolarized ( 71,130,131 and 132). One study analyzed four transvenous defibrillation techniques including (a) single-pathway monophasic pulsing, (b) single-pathway biphasic pulsing, (c) dual-pathway sequential pulsing, and (d) dual-pathway simultaneous pulsing, and found that no single transvenous technique was uniformly superior ( 134). Likewise, there is no predictable effect of altering patch polarity on a defibrillation threshold ( 136). While biphasic, active can systems have eliminated the need to alter sequencing, the electrophysiologists must have the ability to vary all defibrillation techniques and current pathways. Presently, it is unclear whether during defibrillation depolarization of the heart is based on voltage differences between cells or current flow through the sheet of cells. Although energy has been the parameter used to describe discharges, energy depends on voltage, pulse parameters, and impedance, which are influenced by the type of electrode through which the energy is delivered and the tissue on which that electrode is placed. Since the ultimate responsibility of all these implanted devices is to defibrillate the heart (regardless of whether or not antitachycardia pacing is the primary indication), this capability must be demonstrated reproducibly in all patients. While a true defibrillation threshold (i.e., a specific amount of energy required to defibrillate the heart) probably does not exist, the term defibrillation threshold is used to express a probabilistic function. In other words, what is measured by defibrillation threshold testing is the probability that a particular amount of energy delivered at that point in time will be able to successfully defibrillate that specific heart. Regardless of the indications for implantation of the device (i.e., cardiac arrest or refractory VT), each device must be demonstrated to reproducibly terminate induced VF with a large safety margin. Currently, most devices are capable of delivering 28 to 36 joules or 750 volts through patches or leads that offer variable impedance. Defibrillation threshold testing is described later in the



chapter. Tachyarrhythmia Sensing and Detection Leads allow for the sensing of local electrograms. In early ICDs, sensing ventricular activity was achieved from the high-voltage patch electrodes, but this was prone to over-sensing and prompted the use of a separate sensing lead, either epicardial or endocardial. Epicardial sensing and pacing are achieved using two unipolar screw-in leads to generate a bipolar signal. The leads are positioned as closely as possible to the parallel axis of the current flow. Epicardial screw-in leads, however, may be associated with unreliable pacing, high pacing thresholds, and occasional exit block. Problems with epicardial sensing and pacing, and the obligate thoracotomy incision needed for their implantation led to the development of the current transvenous system using endocardial leads. Sensing in an endocardial system is achieved through a distal electrode at the tip of the lead and a more proximal electrode. Defibrillation leads placed in the right ventricle have one conductor for shocking and the other for sensing/pacing. Sensing from most defibrillating leads occurs between the tip of the lead and an electrode anywhere along the length of the shocking coil, and is termed “integrated bipolar sensing.” Integrated bipolar sensing is more susceptible to noise, farfield artifacts, and post-shock under-sensing than true bipolar sensing. A true bipolar sensing defibrillating lead requires 3 conductors (tripolar leads): sensing occurs between the distal tip of the lead and a ring located approximately 1 cm proximally from the tip. Sensing is thus local and much more reliable. Tripolar leads can also be made into dual shocking coils, in which case integrated bipolar sensing occurs between the tip and the distal coil. New quadripolar leads have been developed, consisting of two shocking coils and a distal tip and proximal ring telectrode allow for true bipolar sensing while providing dual shocking capability. Basic detection of ventricular arrhythmias employs the rate cutoff method, which is defined as the heart rate above which the device will be triggered to deliver therapy. The original devices were not programmable, and the cutoff rate was preset at the factory. Therefore, if a tachycardia occurred that was slower than the rate cutoff, the device would not be triggered. Devices today not only have multiple zones of detection, but also specific therapies that can be individually programmed into each zone, termed “tiered-therapy.” Detection zones are programmable ranges of cycle lengths that are typically nonoverlapping. The Medtronic devices allow for overlapping zones, primarily to detect and treat fast VT that meets rate cutoff criteria for VF (“VT in the VF zone”). Such a zone enables some fast VTs to be terminated by ATP, saving the patient from sycope and unnecessary shocks (VT sensing and ATP therapy is more rapid than VF sensing and waiting to charge and deliver a high energy shock). Although the rate cutoff method of detection is highly reliable, inappropriate shocks using the method alone may occur. This most commonly occurs with atrial fibrillation ( 139,140) and sinus tachycardia, when the rates of these nonventricular arrhythmias fall into a VT or VF detection zone. An example of inappropriate device discharge by atrial fibrillation is shown in Figure 13-16. In Figure 13-16, the onset of atrial fibrillation meets rate criteria for VT, resulting in initiation of an autodecremental burst of antitachycardia pacing. This burst initiates a rapid VT, which meets rate criterion for VF, leading to a high energy shock. This sequence of events was documented several times in this patient with a third-generation device. Patients can become totally incapacitated by these inappropriate shocks. The electrophysiologist must recognize this situation to manage them appropriately. Atrial fibrillation can be treated by antiarrhythmic therapy, primarily to decrease the ventricular response below the rate limit of tachycardia detection. Sinus tachycardia postoperatively or during exercise may also trigger the device. Preimplantation exercise testing and judicious use of beta-blockers or reprogramming the VT/VF detection rate can obviate this problem. Postoperatively, we usually turn the device off for VT and/or have it set for VF detection only at rates >200 beats per minute. Conversely, the lack of symptoms prior to a shock does not imply inappropriate therapy. With the improved capabilities of newer devices for rapid sensing and discharge, extremely rapid, potentially life-threatening arrhythmias may be sensed and cardioverted in such a short time period that the patient may not have become significantly symptomatic. An example of such a tachycardia in a patient with minimal symptoms is shown in Figure 13-17. Thus, it is apparent that all shocks delivered in the absence of symptoms should not be considered “inappropriate” and may in fact represent extremely effective, rapid, and appropriate device function.



FIG. 13-16. Inappropriate discharge caused by misdiagnosis of atrial fibrillation by device Atrial fibrillation with a relatively rapid ventricular response is sensed as VT. This leads to a decremental burst of pacing, which then induces VT. The initial VT rate of 214 beats per minute exceeds the VF detection threshold of 180 beats per minute, resulting in the delivery of a high-energy shock, which converts the tachycardia to sinus rhythm.



FIG. 13-17. Rapid detection and treatment of ventricular tachycardia Top, a spontaneous, extremely rapid VT begins. A second-generation device sensed, charged, and discharged, converting it to sinus rhythm within 15 sec, during which the patient experienced minimum symptoms. In this case, absence of syncope was a manifestation of efficient and effective device function. See text for discussion.



To decrease the risk of inappropriate shocks, detection enhancements are available on current devices to increase the specificity of VT detection ( 59,60). These include sudden onset criterion, rate stability criterion, and criterion based on electrogram morphology. Sudden onset is intended to distinguish sinus tachycardia, which usually has a gradual increase in rate, from VT, which usually has a sudden onset. The device compares an interval at the start of the tachycardia to an average of the previous intervals. If the difference is below a programmed value, the device classifies the tachycardia as having gradual onset and therapy will be inhibited. A shortcoming of this criterion is ventricular tachycardia that begins during sinus tachycardia. The onset would appear to be gradual and thus not detected. Rate stability criterion can be used to differentiate VT with minor rate variability from atrial fibrillation with large variations in R–R intervals. Usually, a rate variability of 30 or 60 msec is employed with the assumption that atrial fibrillation will be identified by the presence of rate variability. The algorithm functions simply by comparing the current cycle with the average of three to eight prior cycles (depending on the algorithm). If a set number of cycles varies by more than the programmed “variability,” the device will assume atrial fibrillation is present and will not initiate antitachycardia therapy. With this algorithm, both the rate cutoff and stability requirements must be met before device therapy is enabled. Three potential limitations of this feature follow: (a) uniform VT, particularly in the 130- to 160-beat-per-minute range, may demonstrate significant variability, particularly at the onset; (b) the faster the ventricular response in atrial fibrillation, the lower the rate variability, thereby making it more difficult to distinguish from VT; (c) the rate stability features will not distinguish atrial fibrillation from polymorphic tachycardia, particularly torsade de pointes with ventricular complexes occurring at rates 


intraoperative studies as well as in im-planted devices that have electrogram storage ( 61,62). During intraoperative studies, they have been able to demonstrate that in the vast majority of cases the electrogram recorded from either the patch lead or the rate sensing lead during sinus rhythm or SVT looks different from that recorded during VT. During SVT with narrow complexes, electrograms recorded from the patch and sensing leads look similar to sinus rhythm, while the electrogram morphology in one or both leads differs from that seen in sinus rhythm if VT is present ( Fig. 13-18 and Fig. 13-19). Far field sinals are more likely to distinguish SVT from VT. In modern devices the stored should therefore be those betweeen the lead and the active can. Use of stored electrograms from implanted devices has allowed them to demonstrate the cause of device activation, in particular, the reason for “inappropriate” shocks ( Fig. 13-20 and Fig. 13-21) (61,62). These findings suggest that algorithms using electrogram morphology may play an important role in arrhythmia detection. Moreover, the electrogram morphologies provide insight into the appropriateness of antitachycardia therapy and could lead to either programming or medication adjustments to appropriately treat specific arrhythmias in individual patients ( 61,62). Sometimes even far field electrograms can be misleading. We have seen SVT and atrial flutter be associated with slightly wider stored electrograms with different initial vectors than seen in sinus rhythm ( Fig. 13-22) (145). The electrogram width morphology criterion currently used in some devices is based on the premise that rhythms of ventricular origin generally have wider QRS complexes than that of supraventricular origin. The durations of QRS complexes during tachycardia are measured and compared to a programmable threshold, and VT is detected if a sufficient number of complexes are above this threshold and classified as wide. This criterion is less accurate, and hence not useful, in patients with narrow complex VTs, bundle branch block, or QRS complexes that are altered by the presence of antiarrhythmic drugs. A more sophisticated criterion based on QRS morphology, currently being tested by some manufacturers, compares a QRS complex detected in the tachyarrhythmia zone with a previously stored sinus QRS by matching the most positive and most negative peaks of the complexes. A >90% match means the complex is supraventricular, and therapy will thus be withheld. A less than 30%–50% match means the complex is ventricular, and therapy will be delivered. The percentage below which the device will call a QRS complex a nonmatch is programmable, and thus can be adjusted based on the morphology of the patient's VT. How useful these new morphology algorithms will be is yet to be determined. The most useful algorithms to help the ICD distinguish SVT from VT are derived from analysis of the timing of simultaneous atrial electrograms, or response of the tachycardia to atrial or ventricular extrastimuli may also help distinguish these arrhythmias (59,60) (see subsequent section).



FIG. 13-18. Electrogram morphology of patch and bipolar rate sensing leads during sinus rhythm and ventricular tachycardia. Leads I, II, III, V 5R, and electrograms from an epicardial patch and a bipolar sensing electrogram are shown during sinus rhythm (left) and VT (right). Note that the patch and rate sensing bipolar electrogram are different in VT from in sinus rhythm. See text for discussion. (Data from: Callans DJ, Hook BG, Marchlinski FE. Use of bipolar recordings from patch-patch and rate sensing leads to distinguish ventricular tachycardia from supraventricular rhythms in patients with implantable cardioverter-defibrillators [abstract]. PACE 1991;14:II–233.)



FIG. 13-19. Patch and bipolar electrograms during sinus rhythm and ventricular tachycardia . Leads I, II, III, and electrograms from the patch and bipolar sensing/rate electrogram are shown during sinus rhythm (left) and VT (right). Note that while the bipolar sensing electrogram is similar in VT, the patch electrogram is different. (Data from: Callans DJ, Hook BG, Marchlinski FE. Use of bipolar recordings from patch-patch and rate sensing leads to distinguish ventricular tachycardia from supraventricular rhythms in patients with implantable cardioverter-defibrillators [abstract]. PACE 1991;14:II–233.)



FIG. 13-20. Atrial fibrillation as the mechanism for ICD therapy as detected by stored electrograms. A continuous strip of the stored electrograms preceding ICD discharge is shown. The electrogram morphology is identical to sinus rhythm (lower right) as recorded 2 months before the shock. In addition, the interelectrogram intervals are irregular. The irregular electrograms that are identical to sinus suggested atrial fibrillation with a rapid ventricular response as the cause for device therapy. When the ventricular response is below the VT rate cutoff, a downgoing artifact is shown. (From: Hook BG, Perlman RL, Johnson NJ, et al. Value of stored electrograms and programmable sensing criteria in optimizing management of patients receiving pacing and shocks for asymptomatic arrhythmias. [Abstract.] J Am Coll Cardiol 1991;17:85A.)



FIG. 13-21. Triggering of device therapy by paroxysmal supraventricular tachycardia. Stored electrograms before and following ICD therapy are shown. Sinus rhythm is shown during the first three complexes followed by an APD, which initiates A–V nodal reentry. The SVT has a cycle length of 300 msec. This initiates device therapy of rapid pacing, which on three occasions fails to terminate the arrhythmia. The extended high rate cutoff leads to the delivery of a shock (bottom trace), which restores sinus rhythm. (From: Hook BG, Perlman RL, Johnson NJ, et al. Value of stored electrograms and programmable sensing criteria in optimizing management of patients receiving pacing and shocks for asymptomatic arrhythmias. [Abstract.] J Am Coll Cardiol 1991;17:85A.)



FIG. 13-22. Inadequacy of electrogram morphology to diagnose VT ECG leads I, II, III, and V1 and stored electrograms in sinus rhythm (A) and induced atrial flutter (B) and AV nodal tachycardia (C) are shown. Note deep Q waves at onset of induced supraventricular arrhythmias which are absent in the sinus rhythm electrogram. (From: Hallett N, Monahan KM, Casavant D, et al. Inadequacy of qualitative implantable cardioverter defibrillator electrogram analysis to distinguish supraventricular from ventricular tachycardia due to electrogram changes during normally conducted complexes. PACE 1997;20:1723–1726.)



The trade-off for increased specificity of VT detection is the potential for inappropriately inhibiting therapy for true VT. Thus, a “backup” system to prevent excessive delay in therapy is provided by some device companies. These features, called extended high rate or sustained rate duration, are basically “timers” and ensure delivery of therapy if a tachycardia is sustained at a high rate for a period of time, regardless of whether the device categorizes it as supraventricular or ventricular. In summary, although it is important to increase the specificity of VT detection so that inappropriate shocks can be limited, it is more crucial not to withhold therapy for a potentially real and possibly lethal VT. Sensing with Dual Chamber ICDs The newest generation of ICDs are the dual chamber pacemaker-defibrillators. The major advantages of a dual chamber ICD/pacemaker are improvement in the detection and identification of arrhythmias to prevent inappropriate therapy and the availability of dual chamber pacing capabilities. About 10% to 25% of patients receiving ICDs may require dual chamber pacing at some point. Although older ICDs can provide backup bradycardia pacing, they are not meant to be used as permanent pacemakers, since the battery drain would be too great and they are only capable of fixed rate pacing. Dual chamber ICDs add an atrial lead to improve detection specificity and have DDD or DDDR pacing, as well as mode switching capabilities. Also pacemaker/ICD interactions are eliminated with these new devices. Sensing algorithms in dual chamber ICDs use a series of codes based on AV dissociation, P–P, P–R, and R–R intervals to classify each cycle length as either SVT or VT. Importantly, the device will only withhold therapy if the data can positively and continuously detect a rhythm as SVT. This is designed to improve specificity of detection without compromising sensitivity for life-threatening ventricular arrhythmias. There is a programmable SVT rate above which only ventricular detection by rate will apply. If the detected rate is below this programmable SVT rate, then tachyarrhythmias in both chambers are assessed, and the opportunity to withhold therapy would then exist. There are algorithms available for detection of sinus tachycardia, atrial flutter or fibrillation, and other 1:1 SVTs such as atrial tachycardia or AV nodal reentrant tachycardia. These are independently programmable algorithms that can be turned on or off by the physician. An example of SVT and VT detections by a dual chamber pacemaker/ICD is shown in Figure 13-23.



FIG. 13-23. Dual-chamber ICD: atrial and ventricular sensing capability. Atrial electrograms are displayed on the top strip, ventricular electrograms on the middle strip, and channel markers on the bottom. Initial rhythm was atrial fibrillation, which was appropriately detected as such by the ICD. AF then initiated polymorphic VT, which was also appropriately detected, resulting in the delivery of a shock.



Additional Tachyarrhythmia Therapies Low Energy Cardioversion In addition to high-energy defibrillating capabilities, devices are also capable of delivering “low” energy cardioversions. Low energy cardioversion of VT was first demonstrated to be feasible nearly a decade ago ( 66,146,147,148 and 149). Although cardioversion can effectively terminate VT with “low energy” (0.5–10 joules), the results are highly variable and are dependent on tachycardia cycle length ( 146,147,148,149 and 150). Low-energy cardioversion is most useful and efficacious in tachycardias that are relatively slow (i.e., 


TABLE 13-9. VT Response to Transvenous Cardioversion: 10 Joules or Less



TABLE 13-10. VT Response to Electrical Therapy: Transvenous Cardioversion Versus Bursts



FIG. 13-24. Effect of tachycardia morphology on timing of right ventricular electrogram Leads 1, aVF, and V1 and the His bundle electrogram (HBE) and right ventricular electrogram (RV) are shown with time lines (T) in each panel. Top. VT with a cycle length of 390 msec is shown, which has a left bundle branch block-like morphology. The right ventricular electrogram follows the onset of the QRS by 45 msec. In the same patient, a second tachycardia is induced, which is faster, having a cycle length (CL) of 295 msec. Because it has a right bundle and right superior axis morphology and originates lateral to the septum, the right ventricular electrogram is now recorded at 100 msec after the onset of the QRS. The relative timing of the left ventricular electrogram would markedly effect the safety of low-energy shocks delivered during these tachycardias. See text for discussion. (From: Almendral JM, Grogan EW Jr, Cassidy DM, et al. Timing of the right ventricular apical electrogram during sustained ventricular tachycardia: Relation to surface QRS morphology and potential clinical implications. Am J Cardiol 1984;54:1003.)



Not only do tachycardias with short cycle lengths have a low success rate of termination and a high incidence of acceleration, but the energy required to terminate faster tachycardias usually exceeds 2 to 5 joules. It has been demonstrated that any time shocks above 1 joule are delivered, subjective discomfort that can be mild to intolerable is appreciated by the majority of patients ( 148). As a result, almost two-thirds of patients complain of subjective discomfort from “low energy” cardioversion. Moreover, I believe that the relative efficacy of pacing to terminate these arrhythmias may have been underestimated. In all studies that have previously been reported, only a single modality—usually, a synchronized or asynchronized burst of pacing at a fixed cycle length or a fixed percentage of the VT cycle length—was used. The ability to use different pacing modalities may increase the reported efficacy of pacing. Other factors must be taken into consideration before one decides to use low-energy cardioversion in the management of ventricular arrhythmias. First, in our experience, when low-energy cardioversion in the 5- to 10-joule range is delivered during a rapid tachycardia, the acceleration is usually to a polymorphic VT or VF requiring a large energy shock. This is different from acceleration that is due to pacing, which, in a number of instances, produces a uniform tachycardia that is still able to be terminated by subsequent pacing attempts. A second problem has been the induction of atrial fibrillation by low-energy cardioversion ( 146,149,150). The incidence of this may approximate 20%. The atrial fibrillation that is induced could then trigger the device to give either low or large energy shocks (depending on what is programmed), if tachycardia or fibrillation rate criteria are met by the ventricular response during atrial fibrillation. This shock not only causes pain to the patient but can also result in the induction of VT or VF. In addition, the total number of high energy shocks allotted to any given device may be used up treating atrial fibrillation with a rapid ventricular response that meets “VF” deflection criteria. Moreover, if the last available shock initiates rapid VT or VF, no further shocks will be delivered leading to the death of the patient. Therefore, at this point in time, it is my personal opinion that the exact role of low-energy cardioversion in the management of VT has yet to be established. The lack of proven advantage over standard pacing techniques, the pain associated with delivery of these shocks, the comparable incidence of acceleration to pacing therapies, the induction of atrial fibrillation that can result in multiple shocks, and the induction of ventricular tachyarrhythmias, all make low-energy cardioversion undesirable. Antitachycardia Therapy Antitachycardia pacing modalities have been described previously in this chapter. The third, fourth, and fifth generation of devices all have antitachycardia capabilities that are programmable, and tiered therapy is standard. By tiered therapy, one means that there will be different programmable antitachycardia therapies depending on the rate of the tachycardia. Thus, antitachycardia therapies will be programmed for one to three VT zones and a VF zone. Antitachycardia pacing will be limited to VT zones. In Medtronic devices this could include an overlap VT/VF zone: the fast VT in the VF zone. This overlap zone is extremely useful for potentially treating fast VT by painless ATP instead of painful shocks. As discussed earlier in the chapter, the best form of antitachycardia pacing for a given patient needs to be tested individually. Many patients have different types of tachycardias, each of which may require a different form of therapy. Tachycardia cycle lengths and antiarrhythmic therapy can markedly influence the type of pacing therapy required to terminate any tachycardia. Since spontaneous VT can manifest cycle length changes ( 152) and/or several VTs with different cycle lengths may be present, the initiation of any pacing therapy should be adaptive. Although some older devices allowed the selection of only one pacing modality, most current generations provide more than one antitachycardia pacing modality and/or low-energy cardioversion may be selected within any VT zone. Of some confusion are the different terms used by the different manufacturers for antitachycardia pacing modalities. The electrophysiologist must be certain what each company means by its terms. For example, autodecremental pacing in one device may give a choice of adaptive onset and fixed or adaptive decremental coupling intervals, but a fixed number of the decremental extrastimuli must be chosen, all of which are delivered. In other devices, adaptive onsets with adaptive or fixed decrements are used with an increasing number of extrastimuli, delivered up to a maximum number of extrastimuli chosen by the electrophysiologist. This latter



choice is safer and more effective. The ability to add an incremental number of extrastimuli to the autodecremental mode or even the adaptive burst mode allows one to use the minimum number of extrastimuli required to terminate the tachycardia and prevents excessive extrastimuli from either accelerating the arrhythmia or reinitiating an arrhythmia that was terminated by a lesser number of extrastimuli ( 37,39). Because of the complexities of pacing, it is best to have several modalities of antitachycardia pacing available for any zone used. The more well tolerated the VT, the greater the number of ATP modalities that can be employed. In addition to the modalities described here (i.e., scanning, adaptive burst, and autodecremental), the universal modality of den Dulk et al. ( 37) or the method of entrainment plus prematures suggested by Gardner et al. (see Chap. 11)(153) may provide additional efficacy under certain circumstances. The electrophysiologist must not only be familiar with the general concept of each of these modalities but also how these methods are used in individual devices. The efficacy and safety of any antitachycardia mode should be assessed for each tachycardia observed spontaneously or induced in the laboratory whenever possible. The efficacy and safety of pacing may change depending on the time the test was undertaken. For example, results may differ when done preoperatively, intraoperatively, postoperatively, or in long-term follow-up. This is particularly true when antiarrhythmics are administered, since they not only can affect defibrillation thresholds but can affect pacing thresholds and efficacy of pacing termination of the tachycardia ( 154). As noted earlier empiric adaptive pacing therapies are often as successful as EP-guided termination therapies, but I believe EP-guided pacing therapy is especially useful in the presence of drugs, which can affect termination efficacy either favorably or unfavorably. Within each tiered therapy, the aggressiveness increases when initial attempts fail. An example of successful termination of VT by adaptive burst pacing requiring increasingly aggressive stimulation is shown in Figure 13-25. A safety feature that can be programmed in some devices is a time limit for pacing, after which the device delivers a high energy shock ( Fig. 13-26). This programmable period is useful in dealing with hemodynamically poorly tolerated VTs during which a minimum amount of time should be spent trying to deliver antitachycardia pacing modalities. Until a hemodynamic sensor is available, this extended high rate limit feature should be used to prevent hemodynamic collapse during tachycardias that would not normally be sensed as VF.



FIG. 13-25. Adaptive burst pacing in a third-generation device terminates ventricular tachycardia A. VT begins spontaneously, is sensed rapidly, and is terminated by an adaptive burst or pacing at 280 msec (approximately 85% of the VT-CL). B. When a burst of 280 msec fails to terminate the tachycardia, the next pacing modality is a burst of cycle length 10 msec shorter. This shorter, slightly more aggressive burst, abruptly terminates the arrhythmia.



FIG. 13-26. Extended high rate feature in a tiered therapy device. Top. VT spontaneously occurs and is sensed appropriately, following which a burst of pacing is delivered. This burst of pacing fails to terminate the tachycardia, and the second therapy, a low-energy shock of 2 joules is delivered, which again fails to terminate the rhythm. Middle. The extended high rate feature programmed a high energy discharge to be delivered after 20 seconds of tachycardia. The high energy shock is delivered, which terminates VT. Bottom. In this patient, 20 seconds is allowed for recognition and termination of the arrhythmia before delivery of a high energy shock. See text for discussion.



Comparison of low-energy cardioversion to either ramp or burst antitachycardia pacing has shown no significant differences with regard to efficacy of termination of VT or acceleration of VT to VF. In one study of 24 patients ( 148), the success rate of VT termination was 75% in the CV group versus 63% in the ATP group. The risk of acceleration to VF in this study was 21% in the CV group and 17% in the ATP group. The faster the VT and lower the energy used, the more likely is acceleration. In addition, the response of VT to one therapy does not predict the response to the other. Advanced Systems The most current generator of devices is capable of delivering energy to the atrium to convert atrial fibrillation (AF), in addition to its antitachycardic, antibradycardic, and ventricular defibrillating capabilities ( 120,155,156,157,158 and 159). The ideal candidate for an atrial defibrillator would be someone in whom atrial fibrillation episodes required electrical conversion to restore sinus rhythm. Preferably, the patient should not have more than 5 to 10 episodes per year—patients with frequent episodes of paroxysmal AF would be poor candidates as they would have too many short-lived episodes that would result in too many shocks. In addition to shocking, the devices have antitachycardia pacing (adaptive bursts and ultrarapid bursts of 50 Hz), which, when delivered at the onset of AF, may terminate it (see discussion earlier in chapter on physiology of termination). Conversely, patients with chronic (>1 year) AF would also not be good candidates, since cardioversion may not be possible. Such atrial rhythm management systems, which will be capable of preventative pacing, ATP, and defibrillation, have the advantage of maintaining sinus rhythm for the optimal amount of time, and thus may preclude the need for chronic anticoagulation and may prevent atrial remodeling, which is thought to contribute to AF recurrences. Such devices are also applicable to patients with atrial flutter as well. A large emerging market for such devices is the heart failure population who are at risk for atrial and ventricular fibrillation. Clinical trials are now under way to evaluate these systems (Medtronic Jewel AF and Rid AF Trials). The Technique of Pacemaker and ICD Implantation Currently, pacemaker and ICD leads are usually implanted transvenously, and the pulse generator is implanted in a subcutaneous or submuscular pocket in the pectoral region. Venous access can be achieved via the subclavian, cephalic, or axillary approach. Transvenous, pectoral implantation of ICDs utilizes the same techniques as pacemaker implantation, with the addition of defibrillation testing. Pacemakers are usually implanted on the side contralateral to the hand most often used by the patient. ICDs, however, are preferably implanted on the left side due to the proximity of the active device to the heart itself. Right-sided ICD implants are less effective but often adequate. Submuscular implants, although desired by some patients for cosmetic purposes, may be associated with increased complications of bleeding, damage of the thoraco-acromial nerves, and pectoralis major atrophy ( 160), and may actually cause more discomfort. Data for use of prophylactic antibiotic therapy are equivocal, but a recent meta-analysis of seven randomized trials of antibiotic use at the time of pacemaker implant suggested that antibiotics do reduce the risk of wound infection, pacemaker erosion, and septicemia ( 161). The cephalic vein cut-down approach is preferable because direct visualization of the vessel can be obtained and there is no risk of pneumothorax. There may also be a lower incidence of lead fracture from crushing at the junction between the first rib and the clavicle, as may be seen with subclavian approaches. Alternatively the axillary vein ( 162) can be accessed, either under fluoroscopic guidance as guided by



anatomic landmarks or by visualization with radiographic contrast dye. Details of implantation techniques have been described elsewhere ( 163,164 and 165). Techniques Specific to ICD Implantation Surgical approaches for implantation of epicardial patches include the anterolateral thoracotomy, subcostal thoracotomy, subxiphoid, and median sternotomy ( 166). Extrapericardial positions are preferred for patch electrodes to avoid epicardial vessel injury. Postoperative complications include pericarditis, phrenic nerve damage, atrial arrhythmias, focal bleeding including that from coronary artery/vein laceration, patch displacement, pneumo/hemothorax from insertion of an endocardial lead via a subclavian approach, and inflammation at the tissue-patch junction leading to sensing failures. Long-term complications include patch crumpling, lead fracture and dislodgment, infection, and patch erosion. Surgical approach has been essentially abandoned since the development of the transvenous system, and is now reserved only in patients in whom a pectoral implant would carry significant risks of pocket erosion, in patients with previous multiple pectoral pocket infections, or in patients whose anatomy preludes pectoral implants. Initially, ICDs were implanted by cardiothoracic surgeons in the operating room. In most institutions today with an active electrophysiology program, implantation of ICDs has become the responsibility of electrophysiologists. Implantation under local anesthesia combined with intravenous sedation, performed by electrophysiologists in a laboratory with air-filtering facilities similar to that used in the operating room, has been shown to have high success and low complication rates, short implantation and fluoroscopy time, and is associated with earlier discharge from the hospital ( 136,137,164,165,166 and 167). The perioperative mortality of pectoral implants is estimated at 0.9% ( 164,165). Ventricular Defibrillation Threshold Testing Ventricular fibrillation is a complex process that depends on a large number of interacting factors. Defibrillation success is at best a probability curve with a wide range between shocks that usually fail to defibrillate and shocks that usually successfully defibrillate. It is clinically impractical to fully characterize this probability curve for each patient as it is not possible to deliver more than a few shocks to a patient. Nevertheless, it is the responsibility of the electrophysiologist to ensure that the ICD system provides safe and reliable defibrillation. If adequate safety cannot be established for a given patient, system revision—usually lead revision or implantation of a higher-output device—is indicated. Fortunately, with modern waveforms, lead systems, and devices, this is rarely necessary. Basic parameters that must be assessed and deemed adequate during both pacemaker and ICD implantation are sensing, pacing thresholds, and lead impedances. Additionally for ICDs, high voltage (shock) impedances and charge time are measured. Acceptable implant values for some parameters are listed in Table 13-11.



TABLE 13-11. Acceptable Lead Parameters at Implantation



The goal of defibrillation threshold (DFT) testing is to ensure that the energy required for defibrillation is always less than the energy that the device is able to deliver. It should be performed in all patients, even if they present with VT, since pacing-induced acceleration of VT to ventricular fibrillation may occur. Several factors can influence the “defibrillation threshold,” whether it is determined intraoperatively or postoperatively. They include duration of the arrhythmia, drug therapy, the extent of structural heart disease, and the energy-delivery system, as discussed previously (i.e., waveform, lead type, etc.). VF may be induced by a variety of methods, including AC application, bursts of ventricular pacing at decreasing cycle lengths ( Fig. 13-27), or the use of burst pacing or low energy shocks during induced VT. Since the defibrillation threshold is not an absolute number but is a probabilistic phenomenon, what one is determining is the probability that the energy delivered will terminate VF. Determination of this probabilistic function may be determined using a series of successively lower energies to determine the lowest energy that successfully defibrillates VF. This method more accurately determines DFT and allows for redetection to also be tested, but multiple VF inductions are needed. Alternatively, testing and verification of one selected energy that would allow for an adequate safety margin (


FIG. 13-27. Induction of ventricular fibrillation to test ICD capabilities for defibrillation.



One always would like the output of the device to have some safety margin. In most investigators' opinions, this safety margin should range from 50% to 100%. That is, if the device delivers 30 joules, then successful defibrillation should be accomplished in 2 consecutive trials at 20 joules or less (i.e., 50% safety margin). If a 100% safety margin is desired, 2 consecutive successful terminations of VF at energy level of 15 joules would be necessary for a 30-joule output device. Guidelines for “DFT” testing are shown in Table 13-12. Since most current devices have outputs of >30 joules, defibrillation thresholds 


TABLE 13-12. DFT Testing Guidelines



In our laboratory we begin testing defibrillation thresholds at 15 joules and increase or decrease the delivered energy in 5-joule steps. The energy at or below which two consecutive successful defibrillations is achieved is termed the defibrillation threshold ( Fig. 13-28). The longer the duration of fibrillation, the higher the energy required (168), although this may not be the case over a short period of time (i.e., 5 to 15 seconds) ( 169). The larger the heart, the larger the energy required. Certain antiarrhythmic agents may alter defibrillation thresholds. Although this has not been a significant problem in our experience, it clearly must be considered every time a drug regimen is changed (154,170,171,172 and 173). If the defibrillation threshold exceeds 20 joules, one should attempt to (a) maximize the amount of myocardium in the current field of depolarization, particularly to include the septum, by changing the location and/or size of the leads, and (b) change the pathway of energy delivery and/or the energy waveforms. As noted previously, occasionally but unpredictably, changing lead polarity may make a difference ( 136). When programming the device, a safety margin of usually 7–10 joules must be added to the DFT in order to compensate for future changes, such as fibrosis around the tip of the lead, migration of the lead, changes in underlying cardiac status, or the addition of antiarrhythmic drugs, which can all increase the DFT ( 174,175 and 176). A safety margin of 7 joules gives a 96% success of first shock (177). Delivering energy at twice the tested defibrillation threshold (using small decremental step-down method) yields a 98% first shock success.



FIG. 13-28. Measurement of defibrillation threshold. Ventricular fibrillation is induced, and after 15 sec defibrillation is attempted defibrillation with 10 joules. This fails, and the next attempt is with 20 joules, which is successful. After stabilization, VF is again induced; 15 sec are allowed to elapse and then a 15-joule shock is delivered, which is successful. VF is again induced, and another 10-joule attempt is made, which fails, and a second 15-joule shock succeeds. 15 joules is successful on an additional two consecutive occasions. DFT is defined as 15 joules. See text for discussion.



Recognition of Complications of Implantable Cardioverter Defibrillators (ICDs) There are several common complications associated with ICD implantations and function. They include (a) operative or perioperative problems, (b) oversensing, (c) undersensing, (d) inadequate output, and (e) arrhythmia ac-celeration ( 8,69,83,84 and 85,139,148,149,166,178). The causes and consequences of each of these complications must be recognized by the electrophysiologist so that they can be appropriately addressed. Operative and Perioperative Complications The first set of complications are those related to the operation itself. Complications of surgical approaches for an epicardial system include infections related to the implantation per se and those normally expected pulmonary complications following thoracotomy. The pulmonary complications are less frequent when median sternotomy, subxiphoid, or nonthoracotomy lead approaches are used. Pulmonary complications are most frequent following full left thoracotomy because of pain-induced poor respiratory effort. These complications are markedly diminished with the use of the subcostal approach. The complications associated with transvenous implantation of a permanent pacemaker or ICD are low ( 164,165); nonetheless, they include bleeding and vascular injury, ventricular ectopy, or rarely sustained tachycardia. Placement of transvenous leads carries with it a small risk of perforation of the thin-walled right ventricle or atrium that may result in tamponade, and pneumothorax associated with subclavian vein puncture. Significant periprocedural complications include lead dislodgment, pocket hematoma, and infection. Lead dislodgment most often occurs within the first few days of implantation, and revisions should be performed as soon as possible prior to development of scar tissues, which may make removal of the lead more difficult. Anticoagulation should be used judiciously. Hematomas usually resolve spontaneously over time, and do not require evacuation unless skin necrosis is eminent. In fact, the pocket should not be reentered if at all possible, because reopening the pocket exposes the system to infection. The complication that is of major concern is late infection, either at the site of the device implant or anywhere on the leads. The onset of infection may be insidious. Infection should be suspected in anyone who has persistent fever more than 2 weeks postoperatively. With epicardial leads pericardial infection should be suspected when a significant accumulation of fluid under the patches can be demonstrated by echocardiography. While some fluid can be normally observed on echocardiograms, this is usually small. Thickening of the epicardium and a fluid layer in excess of 5 mm usually implies infection. CT scanning and MRI are alternative imaging techniques, although there is great hesitancy to use MRI. We have found the use of gallium scanning valuable in detecting infections. The use of gallium has allowed us to document infection around the heart, sites of introduction of nonthoracotomy leads, and around the ICD itself. A gallium scan demonstrating increased uptake around the implanted device in the abdomen is shown in Figure 13-29. When infection is documented along the leads, the entire system must be removed. At least 6 weeks of antibiotic therapy must be used before considering implanting another device. Although there is controversy as to whether or not an entire system must be removed if the infection is localized to the ICD pocket, I believe in most cases it is prudent to remove the entire system. At least 6 weeks of antibiotic therapy is required before considering implantation of another device. Prophyllactic use of antibiotics perioperatively reduced our infection rate for such systems. Nonetheless, there remains a 2% to 4% infection rate with thoracotomy systems necessitating device removal ( 74,75,161). All these problems have diminished remarkably with the development and use of pectoral implantation of transvenous ICD systems. The infection rate is »1%, but its presence still warrants device removal. Generator erosion is a problem (»1%,), but it is decreasing as generator size decreases. Within a few years it should approach that of a pacemaker. The gravity of the risk of infection should serve to emphasize the need for attention to ensure that patients undergoing implantation do not have any active infection, and efforts should be made to remove all potential sources of infection, such as Foley catheters and central lines. Extreme attention to sterile technique during the procedure is critical. Some procedure-related complications are listed in Table 13-13.



FIG. 13-29. The use of gallium scanning to detect an ICD infection. Gallium uptake around the ICD and lead is shown in this figure. The presence of a gallium uptake suggests infection, which was present on exploration. See text for discussion. (From: Miller JM, Marchlinski FE. Nonpharmacologic therapy of ventricular arrhythmias. In: Greenspon A, Waxman HL, eds. Contemporary management of ventricular arrhythmias. Philadelphia: FA Davis, 1991.)



TABLE 13-13. Complications of Transvenous Pacemaker or ICD Implantation



Oversensing and Undersensing Both pacemakers and ICDs are subject to problems with oversensing and undersensing. Device oversensing that leads to antitachycardia pacing and/or ICD discharges, in the absence of arrhythmias for which such therapies should be delivered, is the most common, and perhaps most disabling, complication of the device. Oversensing occurs when the device detects an event that either does not exist or is not due to ventricular depolarization. Examples of events that may be oversensed are T waves, electrical noise from lead fracture, and atrial activities, most commonly atrial fibrillation ( Fig. 13-30, Fig. 13-31 and Fig. 13-32). Integrated bipolar leads incorporating the proximal defibrillating coil can exhibit double counting by sensing atrial and ventricular activity. Finally, double counting can occur in biventricular systems in which there is a large delay between right and left ventricular activation, and that are recorded as a single bipole. Refinement of such systems to include bipolar leads from both ventricles and programmable sensing of either chamber is needed to prevent this situation. The fact that devices can be triggered to pace and/or deliver high energy shocks for rhythms not requiring these therapies has led to the recognition that one cannot simply assume that the delivery of device therapy represents the incidence of sustained ventricular tachyarrhythmias or aborted sudden cardiac death. Failure to recognize this can lead to misleading conclusions as to how effective the device is in preventing sudden death. One must interpret the event that triggered device therapy by analysis of stored electrograms and counters. We have analyzed the frequency and cause of ICD discharges in a group of 155 patients in whom the ICD discharged in the absence of symptoms. The vast majority of these patients (>90%) had early third generation devices (prior to 1992) that were programmed to deliver only high energy shocks (Fig. 13-33) (179). We recorded shocks in the absence of palpitations, dizziness, or syncope in 48 patients (31%). Although 11/48 patients receiving shocks had hemodynamically tolerated VT below the rate cutoff, the most common triggering events were supraventricular tachyarrhythmias, particularly atrial fibrillation (28/48 patients). The use of dual-chambered systems, which provide enhanced detection algorithms for atrial arrhythmias, the use of rate stability, AV nodal blocking agents, or in some patients AV nodal ablation, has greatly diminished these events. Use of rate stability alone (in single chamber devices) may be inadequate, since many VTs with rates in the 140–180 range will exhibit significant variability, particularly at its onset, and the faster the ventricular response in atrial fibrillation, the lower the rate variability. Discharges for nonsustained VT (3 patients) resulted because these were commited devices, which once the detection rate is exceeded for a period of time or number of beats, is committed to deliver therapy. A breakthrough in preventing inappropriate ICD discharges was the advent of the noncommitted devices. Newer devices (post 1995) are noncommitted (i.e., confirm the presence of VT/VF prior to delivering therapy), which has virtually eliminated this problem. These inappropriate therapies cannot only result in pain, but can induce sustained VT/VF, which then requires shock ( Fig. 13-34 and Fig. 13-35). An example of an older, committed device and a newer device capable of aborting therapy is shown in Figure 13-36. Confirmation does not occur prior to delivery of antitachycardia pacing in all new devices, because ATP is meant to be delivered rapidly and painlessly. A shock can also be diverted inappropriately if there is variation in the arrhythmia cycle lengths so that during confirmation, one interval happens to fall outside the detection zone, thereby aborting the shock inappropriately. If therapy is either diverted or if it is unsuccessful in restoring sinus rhythm, redetection of tachyarrhythmia will begin. Most devices will not allow for confirmation following redetection after a diverted or unsuccessful therapy in order to minimize the duration of the tachycardia.



FIG. 13-30. Oversensing due to noise from a fractured lead. Intracardiac stored electrograms and counters demonstrate that high frequency noise from a fractured lead is inappropriately detected as VF.



FIG. 13-31. Oversensing of T waves. Counters demonstrate sensing of QRSs and T waves resulting in “double-counting.” The detected rate fell within the VT detection zone and initiated ATP, which induced real VT.



FIG. 13-32. Inappropriate detection of AF as VF in a single chamber ICD. Intracardiac stored electrograms and counters from a patient with a single chamber ICD in which sensing was from an integrated bipolar lead. The integrated sensing lead detects atrial signals and ventricular signals during atrial fibrillation resulting in detection as VF and delivery of an inappropriate shock.



FIG. 13-33. Causes of ICD discharge without symptoms. The reasons for ICD discharge in patients without or with minimal symptoms are shown in a pie diagram. Supraventricular arrhythmias, most of which are atrial fibrillation, are the most common cause of “inappropriate discharge.” See text for discussion. NSVT = nonsustained VT; SXS = symptoms. (From: Miller JM, Marchlinski FE. Nonpharmacologic therapy of ventricular arrhythmias. In: Greenspon A, Waxman HL, eds. Contemporary management of ventricular arrhythmias . Philadelphia: FA Davis, 1991.)



FIG. 13-34. Nonsustained ventricular tachycardia causing ICD discharge. This rhythm strip from a patient with a dilated cardiomyopathy demonstrated several runs of asymptomatic nonsustained VT. The average rate met the rate criterion for device discharge, and this device (a second-generation device) delivered a high-energy discharge. This recurred multiple times in this patient. See text for discussion. (From: Rosenthal ME, Josephson ME. Current status of antitachycardia devices. Circ 1990;82:1889.)



FIG. 13-35. Nonsustained ventricular tachycardia resulting in ICD discharge leading to induction of ventricular tachycardia. Leads 1, aVF, V1, and the right ventricular electrogram (RVA) along with time lines is shown in three panels. A. Nonsustained VT with a cycle length of approximately 200 msec is observed. B. The average rate met VF detection criteria, and this committed device delivered a full high energy shock. This shock then initiates sustained uniform VT at a cycle length of 300 msec, which caused cardiovascular collapse ( C). See text for discussion. (From: Rosenthal ME, Josephson ME. Current status of antitachycardia devices. Circ 1990;82:1889.)



FIG. 13-36. Committed vs. noncommitted devices. Top strip is an example of a committed device. VF is detected, but spontaneously converted to sinus. However, since the device is committed to shock, energy is delivered regardless of the immediately preceding rhythm. Bottom strip is from a current, noncommitted device. In this example, the device is capable of a “quick-look” prior to delivery of the shock. This “look” detected an interval that fell outside the VF detection zone, and therapy was aborted.



An additional feature that is likely to be employed in future devices to resolve these issues is the use of electrogram characteristics to distinguish supraventricular from ventricular arrhythmias regardless of rate variability. Investigators have used electrogram templates, using intrinsic deflections or area differences within the entire or part of the ventricular electrogram, and frequency spectra to distinguish sinus rhythm or normal QRS tachycardia from VT ( 61,62,141,142,143 and 144). Hook, Marchlinski, and colleagues have demonstrated that electrogram characteristics can distinguish ventricular tachyarrhythmias from supraventricular rhythms with narrow complexes, during intraoperative studies as well as in implanted devices that have electrogram storage ( 61,62). During intraoperative studies for epicardial systems, they demonstrated that in the vast majority of cases the electrogram recorded from either the patch lead or the rate sensing lead during sinus rhythm or SVT



looks different from that recorded during VT. During SVT with narrow complexes, electrograms recorded from the patch and sensing leads look similar to sinus rhythm, while the electrogram morphology in one or both leads differs from that seen in sinus rhythm if VT is present (see Fig. 13-18 and Fig. 13-19). Use of stored electrograms from implanted devices allowed them to demonstrate the cause of device activation, in particular, the reason for “inappropriate” shocks (see Fig. 13-20 and Fig. 13-21) (61,62). These findings suggest that algorithms using electrogram morphology may play an important role in arrhythmia detection in the future. Several device manufacturers are developing such algorithms, although their true value as a discriminator has not been established. We have seen cases of SVTs (atrial flutter and AV nodal reentry) that have different electrograms (specifically, different initial forces) than sinus rhythm (see Fig. 13-22) (145). Nevertheless the electrogram morphologies can usually provide insight into the appropriateness of antitachycardia therapy and could lead to either programming or medication adjustments to appropriately treat specific arrhythmias in individual patients ( 61,62). Unfortunately, more work needs to be done to distinguish VT from supraventricular arrhythmias with aberration or in patients with preexisting bundle branch block similar to that of the VT morphology. Personally, I am doubtful that electrogram morphologic characteristics alone will be accurate enough to distinguish SVT with aberrancy from VT. Analysis of the timing of simultaneous atrial electrograms or response of the tachycardia to atrial or ventricular extrastimuli may help distinguish these arrhythmias ( 59). Undersensing is less common but potentially more dangerous than oversensing since VT or VF will not be treated. Undersensing occurs when the device does not register an event. This occurs most often when the electrogram is smaller than the sensitivity setting of the device. This is commonly observed due to interaction between the ICD and a permanent implantable pacemaker (139,178,180). The most common situation that occurs is so-called “detection inhibition.” In this instance the pacemaker would fail to sense lower amplitude ventricular electrograms during VF or even VT and thus fire at the appropriately programmed rate. This is particularly likely to happen with unipolar pacing systems. Large stimulus artifacts are sensed by the device as a “normal” rhythm, and no therapy is delivered ( Fig. 13-37 and Fig. 13-38). Such inhibition of the ICD by unipolar systems is unlikely to happen with bipolar devices. As stated elsewhere, if two systems are used in a patient, demonstration that pacing at maximum output does not interfere with VT/VF detection by the ICD is mandatory. The newer third- and fourth-generation devices have backup bradycardia pacemakers incorporated in the device, which obviates the need for a separate pacemaker with a separate sensing system.



FIG. 13-37. Undersensing of ICD resulting from unipolar pacing during ventricular fibrillation Leads 1 and 2 are shown with TL during VF. The low-amplitude signals are not sensed by the demand unipolar VVI pacemaker resulting in backup unipolar pacing. The device only senses the unipolar spikes and does not deliver a shock. External cardioversion was necessary to restore sinus rhythm. (From: Rosenthal ME, Josephson ME. Current status of antitachycardia devices. Circ 1990;82:1889.)



FIG. 13-38. Undersensing of device during ventricular tachycardia resulting from unipolar DDD pacing Simultaneous electrograms from unfiltered (top) and filtered (bottom) sensing leads during VT are shown. In the unfiltered recording ( top), which is what the device sees, the unipolar DDD pacemaker is seen to function in a demand mode, which is due to lack of sensing of the relatively low amplitude of the electrograms during VT. The demand pacing produces spikes, which are sensed by the device as a normal rhythm, thereby inhibiting appropriate device function. (From: Rosenthal ME, Josephson ME. Current status of antitachycardia devices. Circ 1990;82:1889.)



Another cause of undersensing is the dimunition of the ventricular electrogram sensed in the ICD following shocks or even APCs or VPCs. This occurs in systems that use automatic gain control in their sensing amplifiers. As noted earlier in this chapter, this situation could lead to transient failure to sense the sinus beat and the institution of bradycardia pacing with a short-coupled initial paced beat, which could then initiate a ventricular tachyarrhythmia ( Fig. 13-39) (8). The electrophysiologist should be aware of this possibility and should measure the amplitude of the sensing electrogram not only during sinus rhythm, VT, and VF but also following termination of these arrhythmias. If the electrogram is demonstrated to significantly diminish in amplitude, a different position should be found at which the electrogram amplitude remains suitable for recognition under all these circumstances. In additon, changes in electrograms over time can occur with lead dislodgment, infarction at the site of the lead, inflammation or fibrosis at the electrode site, new bundle branch block, or lead fracture. Undersensing is particularly a concern with ICDs because electrogram amplitudes during VF can be extremely small. Some devices attempt to enhance VF sensing with autoamplifiers, which can automatically adjust the gain or the sensitivity threshold according to the immediately preceding electrogram signal size, but such systems can exhibit postextrasystolic loss of sensing.



FIG. 13-39. Induction of ventricular tachycardia by backup Brady pacing following a nonsensed sinus beat Stored electrograms from a tiered therapy device are shown. The asterisks mark sinus complexes. Following a run of nonsustained VT in the middle of the strip, the sinus electrogram is reduced, and it is not sensed. This leads to the onset of Brady backup pacing ( small filled arrow), which begins 430 msec after the sinus complex. This first stimulus initiates rapid VT, which subsequently was terminated by the device. (From: Callans DL, Hook BG, Marchlinski FE. Paced beats following single non-sensed complexes in a “codependent” cardioverter defibrillator and bradycardia pacing system: potential for ventricular tachycardia induction. PACE 1991;14:1281.)



Device-Device Interactions Several other miscellaneous events can lead to the device firing inappropriately. In the era of separate ICD and antitachycardia pacing devices, the antitachycardia pacing modality may trigger the ICD to discharge. In addition to the sensing of the antitachycardia pacing by the ICD as meeting rate criteria for device activation, the antitachycardia pacemakers were also noted to reinitiate malignant ventricular arrhythmias immediately after they were terminated by the ICD. This problem was due to the separate sensing systems of the two devices. This problem no longer exists with newer third- and fourth-generation devices with both antitachycardia pacing and defibrillation capabilities. The potential interactions of separate antitachycardia pacemakers and ICD have been previously reported and are mainly of historical value (178,180). Device-pacemaker interactions are primarily the result of unipolar pacing systems ( Table 13-14). They can be circumvented by the use of bipolar systems and the development of ICDs with more sophisticated backup pacing systems, which are bipolar and have separate sensing circuitry. Nevertheless, pacemaker-ICD interactions should be carefully tested in patients who have both, regardless of whether the pacemaker is unipolar or bipolar. If pacing spikes are large, such as seen in unipolar systems, ICDs may sense pacer stimulus artifacts and count them as R waves, which would lead to “double-counting” and may trigger inappropriate shocks. A more significant concern is that electrograms from VF are often small and may not be sensed by the pacemaker, thus triggering pacing. The pacing spikes may be sensed by the ICD, resulting in resetting of the amplifier (decreasing the gain) of the ICD and failure to sense VF. For this reason, implantation of a unipolar pacing lead is absolutely contraindicated in patients with pre-existing ICDs. During implantation of a new ICD system in a patient with an existing pacemaker, a “worst-case scenario” must be set up. The pacemaker should be programmed to full output (maximum amplitude and pulse width), in either the DOO or VOO mode to maximize pacer stimulus artifact size, and the pacemaker lead should be reprogrammed to unipolar if it is not a committed bipolar lead, and the ICD is programmed at the least sensitive setting.



TABLE 13-14. ICD-Pacemaker Interactions



Drug-Device Interactions A number of important interactions between ICDs and drugs are possible ( Table 13-15 ). Problems arise when Type I or III antiarrhythmic agents are used to prevent nonsustained VT or atrial fibrillation. These agents can slow the rate of sustained VT below the rate of the ventricular response during atrial fibrillation, leading to nondetection of VT and frequent delivery of therapy for atrial fibrillation. In such instances not only should A–V nodal blocking agents be used to decrease the ventricular response during atrial fibrillation, but the dosage of antiarrhythmic agents should be reduced to allow for a faster VT for which one could increase the tachycardia detection rate. In some patients, slower tachycardias, particularly those that have extremely wide QRS complexes, may be less well tolerated than more rapid tachycardias in the absence of drugs. Antiarrhythmic drugs, whether used for atrial fibrillation or ventricular arrhythmias, have variable effects on DFTs. Several antiarrhythmic agents have been shown to increase ventricular defibrillation thresholds ( 174,175 and 176,181,182). Class IC and IB agents, such as encainide, flecainide, lidocaine, and mexiletine, cause a reversible, dose-dependent increase in energy requirements for successful defibrillation ( 174,175 and 176,182). Amiodarone appears to have a bimodal effect on DFT: acute administration may lower DFT in the animal model, but chronic use may elevate DFT ( 182). Type IA drugs, such as procainamide and quinidine, do not appear to affect DFT significantly ( 181), whereas sotalol and n-acetyl-procainamide have been shown to lower DFT (181,182 and 183).



TABLE 13-15. ICD Drug Interactions



It is well known that antiarrhythmic agents have use-dependent activity that may influence the ability of rapid pacing to capture the ventricle. Programming the highest pacing output during antitachycardia pacing can obviate this problem. In addition, in affecting defibrillation thresholds, the thresholds of backup bradycardia pacing are well known to be influenced by antiarrhythmic agents. Bradycardia pacing thresholds must thus be checked every time antiarrhythmic drugs are changed. This may be critical in patients who are pacemaker dependent. Electrophysiologists must be aware of these consequences and test this possibility every time an antiarrhythmic regimen is changed. In addition, the use of any antiarrhythmic agent may alter the success of any pacing modality that is employed for a given tachycardia. Even though tachyarrhythmias may be slowed by antiarrhythmic agents, that does not necessarily translate into easier termination. In some cases termination may be more difficult (see Chap. 11). If more aggressive forms of therapy are necessary, acceleration may occur. This acceleration may result in either a polymorphic tachycardia, which requires cardioversion, or, if fortunate, a more rapid, uniform tachycardia, which can then be terminated by more aggressive stimulation. Again, each tachycardia should be evaluated for the specific mode of pacing that is most efficacious and least likely to accelerate the rhythm on an antiarrhythmic agent. Finally, antiarrhythmic agents may change the morphology, amplitude, and/or slow rate of the sensed electrogram. This may interfere with sensing of tachycardias. As such, real-time electrograms during tachycardias, pacing, and fibrillation should be analyzed at the time of implantation and at follow-up to ensure adequate size and morphologic characteristics so that the rhythm will be appropriately sensed. Other Complications: Inadequate Output, Excessive Output, and Arrhythmia Acceleration Failure to terminate VF is becoming less of a problem with active can systems and DFT testing at implant. Early studies by Marchlinski et al. ( 184) demonstrated a 30% failure rate of two successive defibrillation attempts by the device during postoperative testing of devices in which the intraoperative DFT exceeded 20 joules. More recently, the use of biphasic waveforms and active cans has reduced the DFT, and failure to defibrillate at 30–35 joules is unusual. Long-term follow-up suggests that the defibrillation thresholds stay relatively stable with epicardial lead systems and active can tranvenous systems. Nonetheless, as long as the maximum output device exceeds 30 joules and as long as the implant DFT testing gives defibrillation thresholds 


are at low risk for sudden death. The combination of the device producing a hemodynamically untolerated tachycardia and the subsequent necessity of high energy shocks to restore sinus rhythm, most of which are painful, is something patients not only do not expect, but do not like. Better pacing algorithms and/or other forms of therapy may be helpful in such patients, although catheter ablation would be the best therapeutic option in my opinion (see Chap. 14).



FIG. 13-40. Acceleration of stable ventricular tachycardia by adaptive burst pacing VT at a cycle length of 300 msec is present on the top left part of the rhythm strip. In adaptive burst paced pacing, approximately 85% of the tachycardia cycle length is delivered, producing polymorphic VT. This is sensed, and a shock is delivered, which accelerates it to VF, requiring an additional high energy shock. Repeated acceleration of tachycardias by ATP is a relative contraindication of this form of therapy and suggests the need for drugs and/or ablation. See text for discussion.



In addition to failing to terminate ventricular flutter or fibrillation, high energy shocks may induce ventricular flutter or fibrillation. As shown in Figure 13-41, the device may not only fail to terminate ventricular flutter, but if it fails to sense a spontaneously terminating ventricular tachyarrhythmia and delivers another high energy shock, it can reinitiate the ventricular flutter without the device knowing the arrhythmia stopped. In such cases all the available high energy discharges could be used without successfully terminating the arrhythmia. Fortunately, in this patient external defibrillation was able to be accomplished. Newer devices with a “second look” feature before discharge may obviate this sequence of events from happening. However, failure to terminate an arrhythmia may always occur. The potential cause of this may be antiarrhythmic therapy, which not only may increase defibrillation thresholds but can induce incessant ventricular arrhythmias that cannot be cardioverted.



FIG. 13-41. ICD failure. Leads 1, avF, and V1 are shown with a right ventricular electrogram during a device check in the electrophysiology laboratory. Ventricular flutter is induced. The first shock fails to affect the ventricular flutter, and a second shock results in long nonsustained flutter. Termination of the nonsustained flutter is not sensed and the committed device delivers a third and fourth shock, both of which failed to terminate the rhythm. Since the device was only capable of delivering four shocks, the patient would have died but was resuscitated with external defibrillation. See text for discussion. (From: Rosenthal ME, Josephson ME. Current status of antitachycardia devices. Circ 1990;82:1889.)



In summary, many complications can arise following implantation of an ICD. Most of these can be avoided if the electrophysiologist is aware of their potential presence. Many of these issues involve discriminating supraventricular from ventricular arrhythmias, choosing appropriate antitachycardia pacing modalities, and knowledge of various antiarrhythmic drug and pacemaker interactions of the device. In addition, the development of new programmable discriminators that will allow the device to distinguish SVT from VT and assess hemodynamic status will certainly avoid many of these complications. Some of these detection issues are listed in Table 13-16.



TABLE 13-16. Antitachycardia Pacing Detection Issues



ICD and Antitachycardia Pacemaker Follow-up After the implantation of a pacemaker or ICD, appropriate instructions must be given to the patient. Magnetic resonance imaging (MRI) is contraindicated in patients with current devices. Patients are commonly concerned about the use of routine household appliances, such as cellular phones or microwaves. These commonly used appliances usually do not cause interference with the devices; however, a general rule of thumb is to maintain all electrical devices approximately 6 inches away from the device. There have been reported cases of inappropriate shocks with antitheft devices encountered in department stores or airport terminals ( 185). In general, no significant interference is expected with normal movement through the apparatus. The goals of follow-up of antitachycardia devices include assessment of device efficacy and determination of the appropriateness of the therapy. This requires that the electrophysiologist take a careful history and relate it to the symptoms experienced by the patient. Interval counters, electrogram storage, and ambulatory monitoring (event recorder or Holter monitor), when present, should be used to associate symptoms to tachyarrhythmia episodes and to assess the appropriateness of the therapy for the tachyarrhythmia that has been recorded. As shown earlier in the chapter, stored electrograms and/or counters can be used to evaluate the cause of “inappropriate” discharges, which can then be corrected. In addition to identifying arrhythmias for which therapy is initiated ( Fig. 13-42), other artifacts that are due to lead disruption can be documented by analysis of real-time electrograms ( Fig. 13-43) (49,139,140). Each time antiarrhythmic therapy is changed, the efficacy of all the antitachycardia and antifibrillation modalities should be tested, since, as just discussed in the preceding paragraphs, antiarrhythmic agents can interfere with the



detection and termination of these arrhythmias.



FIG. 13-42. Demonstration of appropriate device function using stored electrograms. Stored electrograms before and during antitachycardia pacing are shown. A. Sinus rhythm electrograms are shown. B. A rapid rhythm occurs, which has a different electrogram morphology from sinus. C. Pacing terminates the rhythm. The rapid rhythm with a different morphology suggests that VT was the rhythm that initiated antitachycardia therapy, which was delivered appropriately and was effective. (Data from: Callans DJ, Hook BG, Marchlinski FE. Use of bipolar recordings from patch-patch and rate sensing leads to distinguish ventricular tachycardia from supraventricular rhythms in patients with implantable cardioverter-defibrillators [Abstract]. PACE 1991;14:II–233.)



FIG. 13-43. Use of stored electrograms to document inappropriate discharge that is due to lead disruption Stored electrograms before the following shock demonstrate multiple irregular and rapid signals compatible with lead fracture. This resulted in shock. The same electrogram artifact could be produced by physically moving the device and leads. See text for discussion. (From: Hook BG, Perlman RL, Johnson NJ, et al. Value of stored electrograms and programmable sensing criteria in optimizing management of patients receiving pacing and shocks for asymptoxsmatic arrhythmias. [Abstract.] J Am Coll Cardiol 1991;17:85A.)



There are some general principles in testing the device that should always be followed. The first is that the electrophysiologist should always assume that the device will not work. This ensures that the electrophysiologist is prepared to defibrillate VF or any arrhythmia as if the patient had no device. General questions that need be addressed during follow-up evaluation of any device include (a) Is the device in the active mode, and if not, why not? (b) How can the device be deactivated (i.e., by magnet or programmer)? (c) What rate will trigger antitachycardia pacing or low- or high-energy therapy? (d) What arrhythmia characteristics should be present besides rate to discriminate the nature of the arrhythmia (i.e., rate variability, sudden rate onset, etc.)? (e) What type of therapy is programmed for each arrhythmia, and what is the sequence in which that therapy is to be delivered? (f) Is there a fail-safe system so that a high-energy shock can be manually delivered if the arrhythmia is not sensed? If this last feature is not available in the device, the time delay to externally cardiovert should be minimized by an available, charged cardioverter. One must remember that since epicardial leads may function as insulators, all external shocks should be delivered using the highest stored energy of the external defibrillator. In addition, assessment of lead integrity (i.e., presence of changing impedance, intermittent sensing signals) and battery life should be undertaken. Finally, one of the most important responsibilities of the electrophysiologist is to continually educate the patients. ICD groups have been formed at most large implant centers. They are very useful for the psychological welfare of patients and their continuing education.



SUMMARY Electric therapy of arrhythmias has become increasingly important in the past decade, particularly for the management of ventricular tachyarrhythmias. There has been a logarithmic increase in the use of such systems, which has placed an economic burden on many hospitals. Currently, the ICD is the most expensive form of treatment for VT or fibrillation, but it is also the most cost-effective. The indications for device therapy are continuing to expand. This will most certainly lead to new guidelines to assure appropriate use of the device. One must remember that electronic devices provide therapy and not cure. Recurrences of arrhythmias are to be expected and may need adjuvent therapy with antiarrhythmic agents or ablation. Problems that are still to be addressed by the fifth generation of devices include (a) methods to deal with inappropriate delivery of therapy; (b) methods to evaluate the hemodynamic status of the patient during an arrhythmia; (c) electrogram and Holter monitoring data storage; (d) the use and development of dual chamber and biventricular tranvenous systems; (e) marked reduction of size; and (f) decrease in the cost of the device. It is likely that a series of devices will soon be available that will allow appropriate expansion of indication for devices. One can expect a small, totally transvenous, limited use device that might be able to be employed if a truly high-risk patient population could be identified with high predictive accuracy. This “mini-lifeboat” device would have a separate application from a device with a full range of capabilities or one with only long-term defibrillation capabilities. The appropriate use of a device with solely defibrillation capabilities might be the initial way to reduce the cost of these devices. As the complexity of devices increases, the knowledge of users must keep up. It is my belief that the complexity of such devices requires electrophysiologists to be involved in the selection of patients in which they will be employed and in evaluating the efficacy and safety of the therapies the device can deliver. The electrophysiologist will also be involved in developing new algorithms that will be essential for discriminating between different arrhythmias and allowing hemodynamic status to prioritize the type of therapy delivered. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.
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Experience over the last decade has demonstrated that pharmacologic therapy for the management of paroxysmal ventricular and supraventricular arrhythmias may not be adequate and/or may be associated with significant proarrhythmic effects. The development of antitachycardia pacing techniques and, in particular, the recent development of implantable devices with antitachycardia pacing, cardioversion, and defibrillation capabilities at both an atrial and ventricular level have added a new dimension to our therapeutic armamentarium (see Chap. 13). These electronic devices are expensive, but more importantly, they are a treatment, not a cure of the disorder. Ideally, the preferred therapy for all arrhythmias would be to prevent their occurrence by either destroying or removing the tissue responsible for the arrhythmia. If that were not possible, indirect approaches such as isolating arrhythmogenic tissue from the remainder of the myocardium or modifying tissue passively involved, but contributing to the symptoms related to the arrhythmia (e.g., the A–V node in patients with atrial fibrillation and a rapid ventricular response), would be an alternative approach. Over the past two decades, we have observed a rapid expansion of our knowledge of the pathophysiologic basis for arrhythmogenesis and have developed and refined electrophysiologic tools to localize the site of origin of such arrhythmias. The ability to identify the mechanism and/or site of origin of an arrhythmia provides the rationale for surgical or catheter-based ablative techniques to treat the arrhythmias. The use of the electrophysiologic techniques of programmed stimulation and endocavitary and intraoperative mapping led to the evolution of electrophysiologically guided surgical techniques to deal with specific arrhythmias, the first of which was the Wolff-Parkinson-White syndrome ( 1,2). This was followed by the development of new surgical approaches for the management of a variety of supraventricular and ventricular arrhythmias ( 3,4,5,6,7,8,9,10,11,12,13,14,15 and 16). Subsequently, catheter-based methods of ablating myocardial tissue were developed to control and/or cure many tachyarrhythmias for which surgery had become the only mode of therapy ( 17,18,19 and 20). Today catheter ablation has replaced surgery as a first-line therapy to “cure” most supraventricular and ventricular tachycardias. Techniques using electric, thermal (hot or cold), light (laser), mechanical (ultrasound), and chemical methods of ablation have been developed, some of which are already being used clinically. The exact mechanisms of damage of any given technique are complex and involve multiple biophysical and/or chemical factors, depending on the method employed. Although our knowledge of the biophysical factors responsible for producing electrophysiologic changes in arrhythmogenic tissue is limited, the experimental basis for tissue injury by these various techniques has been studied and reviewed ( 17,18,19,20,21,22 and 23). Several steps must be taken for catheter ablation techniques to be successful. These steps include (a) accurate localization of the arrhythmogenic tissue; (b) delivery of the ablative electric field, heat, light, or chemicals to the appropriate site in the heart; (c) transfer of the ablative factors from the interface of the catheter and the tissue to the arrhythmic site, which may be deep in the myocardium; (d) production of damage to arrhythmogenic tissue; which (e) results in electrophysiologic changes in the arrhythmogenic tissue, which render it nonarrhythmogenic. All of these factors require a better understanding if successful and accurate catheter ablation techniques are to be developed. The catheter-based ablative techniques that have been employed clinically or are currently under clinical investigation include (a) electrical deflagratory shocks (fulguration)—damage done by electrical current disruption of membranes, barotrauma, and thermal injury; (b) nonarcing electrical shocks—damage done by current to disrupt membranes and thermal injury; (c) laser—thermal damage resulting in either surface vaporization (argon laser) or photocoagulation (neodymium:YAG laser); (d) radiofrequency—thermal injury and desiccation; (e) chemical destruction of tissue; (f) ultrasound; and (g) cryothermal ablation. While some of these techniques have been used during surgery (i.e., laser, cryoablation, and electric shocks), there has been an increasing interest in their use in catheter delivery systems. Catheter-delivered DC ablation (arcing and nonarcing) was the initial method used but has largely been replaced by radiofrequency ablation, which will be the basis for discussion in this chapter. Transcoronary infusion of chemicals and catheter-based delivery of microwave, ultrasound, and cryothermal energy are still in the stage of clinical investigation and will be mentioned briefly. It is impossible and impractical to discuss the biophysical basis of all these techniques, which will continue to evolve over the next decade. This information can be found elsewhere ( 17,18,19,20,21,22,23,24,25 and 26). The main focus of this chapter is the role of the electrophysiologist in the management of arrhythmias by surgical and catheter-based ablation. The electrophysiologist must select the appropriate patients, choose the technique available that offers the highest rate of success with lowest morbidity to that patient, and most importantly, accurately localize the tissue to be ablated. The most important and critical job of the electrophysiologist is to accurately identify the arrhythmogenic tissue to be removed or destroyed through the use of catheter or intraoperative mapping, or both. Success of any ablative technique depends on accurate localization of the source of the arrhythmia. As such, this chapter will mainly concentrate on how one defines arrhythmogenic tissue and how one can approach destruction or removal of this tissue by catheter-based or surgical techniques. Brief descriptions of the specific ablative techniques used are given in the following paragraphs.



BIOPHYSICS OF CURRENT ABLATION TECHNIQUES Catheter ablation techniques have been so successful in treating a variety of arrhythmias that they have almost totally replaced operative approaches to the management of supraventricular and ventricular arrhythmias. Of the several modes of ablation available, radiofrequency ablation is by far the most commonly used, having replaced DC ablation for more than a decade because of improved efficacy and safety. Nevertheless DC ablation remains in use at some institutions. Detailed discussions of the biophysics of these and other techniques have been reviewed in detail ( 17,18,19,20,21,22,23,24,25 and 26). It is necessary, however, to discuss these two most widely used ablative techniques. DC Ablation With DC ablation, the electrical energy is delivered through either a catheter or a hand-held probe in the operating room. The energy delivered is from a standard defibrillator/cardioverter in most cases. Most standard defibrillator/cardioverters deliver between 1 and 3 kV to a specific electrode to which the device is connected. Although a variety of waveforms are used in different defibrillators, most commonly peak voltage is achieved in 1 to 2 msec, which is associated with a peak current flow of 40 to 60 amperes shortly thereafter. In most instances, a single electrode (usually the tip of a catheter) is used as the cathode, and an indifferent blackplate serves as an anode sink for the discharge. This technique allows the delivery of high-energy shocks in the range of 100 to 400 joules per shock. When DC catheter ablation is performed using a standard defibrillator, a vapor globe is initially formed as a result of electrolysis. This globe subsequently expands and becomes ionized, ultimately resulting in arcing. The arcing is associated with extremely high temperatures and a veritable concussive explosion in the heat. The explosion can be thought of in terms of a compressive shock that is due to the formation of a vapor globe within noncompressible blood, followed by rebound shocks with the collapse of the globe. High-speed cinematography has shown dramatic changes in cardiac shape during this “explosion.” The arcing explosion has led to the widespread use of the term fulguration for this type of catheterization. According to Fontaine et al. ( 26), a shock energy of 40 to 160 joules produces pressure waves of 2.5 to 7.5



atmospheres. If one measures current and voltage during the delivery of the discharge, there will be a sudden increase in voltage and decrease in current as the vapor globe forms, as a result of a rise in impedance. The high temperature of the electrical arc, which may approach several thousand degrees, results in pitting of the distal and occasionally more proximal electrodes of the catheter. Despite the high temperature associated with the arc, there is insignificant heating of the tissue, suggesting that thermal damage is not the primary mechanism by which the fulguration works. There is still debate as to the relative role of barotrauma and the effects of the high-energy electrical field of the DC shock as the cause of the ultimate pathologic damage and electrophysiologic sequelae. Most investigators believe that it is the direct electrical effect that disrupts myocardial membranes, resulting from either dielectrical breakdown, change in membrane lipids, or physical compression and mechanical disruption of the membrane (27). Using cultured myocytes, Jones et al. ( 28) demonstrated that delivery of 200 volts/cm can affect membrane depolarization, which may represent membrane breakdown with higher energy discharges. Barotrauma is undesirable, despite the fact that it may play a role disrupting and/or separating myocardial fibers in some types of ablation. Barotrauma associated with fulguration has consistently caused rupture of the coronary sinus when energy is delivered there and has been associated with rupture of other cardiac structures, myocardial dysfunction, and arrhythmias ( 26,27,28,29 and 30). Experimental studies have shown that the extent of damage that is produced by DC shocks is directly related to the amount of energy delivered ( 19,24,25 and 26,29,30,31 and 32). The integrity of catheters is frequently disrupted in the caring process, which is due to the transient high temperatures (25,26,33). Arcing not only affects the distal tip but can also result in damage to more proximal electrodes, since a high voltage gradient is formed between the distal electrode and more proximal ring electrodes by the expanding vapor globe. Bardy et al. ( 33) have shown that following the first large shock the dielectric strength of catheters was reduced. A greater disruption is seen when proximal electrodes are used to deliver the energy instead of the distal tip. Thus, there is reasonable evidence that most electrode catheters demonstrate some current leakage, particularly when multiple shocks are delivered. This may lead to misdirected shocks and clinical failures, as well as to unnecessary barotrauma. No catheter has ever been FDA-approved for DC ablation. More work is necessary to develop catheters capable of withstanding fulguration-type shocks if this technique is going to be used in the future. This is unlikely to occur. In an attempt to avoid barotrauma and arcing, Holt and Boyd ( 34) developed a new DC energy-delivery system that does not result in arcing and, hence, fulguration. This is accomplished by shortening the pulse to 10 to 20 sec, which is too short for the development of the vapor globe and caring to occur. This allows delivery of lower energies but reasonably high voltages (1.8 to 2.8 kV), and up to 25 amperes of current. Cunningham and colleagues ( 35,36) have developed a new catheter design that allows for a more uniform delivery of these brief, high-voltage shocks with a further increase in the arcing threshold, making it much safer than the standard fulguration technique. This delivery system is currently under investigation ( 26,37 and 38). Pathologically, fulguration shocks produce a somewhat patchy contraction band necrosis. The volume of damage done generally correlates with the amount of energy delivered and is relegated to the electric field ( 29,30 and 31). Perhaps it is the patchiness of the damage that apparently makes the tissue more arrhythmogenic than the homogeneous necrosis associated with cryothermal or radiofrequency (RF) injury. Radiofrequency Energy Radiofrequency (RF) energy is generated as an alternating current at a frequency of 300–750 kHz (range 100–2000 kHz) delivered between the tip of an ablation catheter and a cutaneous patch (39). The sinusoidal waveform creates a potential difference between the cutaneous patch and the catheter tip, which alternates in polarity. Because of the small surface area of the tip of the catheter relative to the cutaneous patch, the currrent density will be high at the tip and low at the patch. During RF application electrical energy is converted to thermal energy by resistive heating. The heat that is generated is transferred to the subjacent cardiac tissue primarily by conduction and to a minor extent by radiation, which decreases by the fourth power of the distance from the catheter tip. Heat is simultaneously dissipated by convection into the blood pool. Since the catheter tip-myocardial interface is the major resistor in this AC circuit, current density and heat are greatest at the catheter tip and minimal at the cutaneous patch. Effective heating of the myocardium is critically dependent on catheter contact and stability as well as on the surface area of the catheter tip. Poor contact or stability will lead to heat loss to the blood pool and failure to generate adequate myocardial temperatures despite application of high voltage/power. Although a larger surface area can lead to greater lesion size, it will require delivery of greater power, since the greater surface area will be subjected to greater convective heat loss to the blood pool to which it has greater exposure. Thus maximum lesion size using a 4–5 mm ablation tip can be accomplished using a maximum power of 50 watts while up to 100 watts is required to achieve maximal lesion size using an 8–10 mm catheter tip. Electrodes of 4–5 mm through which the RF energy is delivered provide the best control and most reasonably sized lesion to accomplish the tasks of catheter ablation for most paroxysmal supraventricular arrhythmias (40,41,42 and 43). The size of the lesions produced by radiofrequency are smaller than those associated with fulguration; moreover, scar tissue limits the ability to transfer thermal energy, making radiofrequency ablation of ventricular arrhythmias associated with scarred endocardium more difficult. A variety of deflectible catheters are available that can have different arcs of curvature, bidirectional deflecting capabilities (with similar or different lengths of deflection), rotational capability, or magnetic sensors (Biosense, Cordis) that allow for precise localization in 3 dimensions ( Fig. 14-1).



FIG. 14-1. Standard ablation catheter with bidirectional curves. Ablation catheters typically have 4–5 mm tips and can be deflected in a variety of different manners. This particular catheter has deflection capabilities in two directions with different curves in each direction. (See Color Fig. 14-1.)



RF ablation results in thermal injury with coagulation necrosis and desiccation when tissue heating exceeds approximately 50°C for at least 10 sec ( 20,21,22 and 23,39,40). Application of RF energy results in a lesion with a volume half-time of »8 sec and maximum volume achieved in 30–40 sec. As heat is produced at the catheter-myocardial interface the impedance drops. A drop of impedance of 5–10 ohms is a sign of conductive heating to the subjacent tissue. The lesion is smaller than that seen with DC ablation and is more homogeneous. If the temperature at the electrode-myocardial interface increases excessively, a rise in impedance develops because of tissue necrosis as well as development of a coagulum on the catheter tip. A drop in current necessarily occurs with an impedance rise. Once a rise in impedance appears, it is mandatory to remove the catheter and wipe off the coagulum, which is a potential source of emboli. If the tissue is heated to >100°C steam will be generated as a consequence of boiling within the mycardium. This often can be detected as an audible popping sound, which will just precede a marked rise in impedance. The steam can produce myocardial rupture and subsequent tamponade. Smaller tears may also occur. Various catheter modifications have been evaluated to optimize the size of and control the lesions produced by radiofrequency. The initial modification of ablation catheters was use of thermocouples or thermistors imbedded near the catheter tip to provide information as to the temperature generated at the tip of the catheter at any given power. This modification was deemed necessary because of the inability to relate the power used to tissue heating. These are closed loop-temperature control systems such that the power is automatically adjusted to maintain a desired temperature. Such a system allows for maintenance of electrode temperature despite changes in catheter contact produced by respiration or unstable catheter position. Such control of temperature largely (but not entirely) avoids the formation of coagulum. Unfortunately, the thermistor or thermocouple does not accurately provide information about tissue temperature. Due to convective heat loss to the blood the temperature recorded at the catheter tip may give a falsely low reading relative to tissue temperatures achieved if inadequate catheter contact is present. This might result in intramyocardial tissue boiling and steam production (see above). Thus, to assure that excesssive intramural heating does not take place, target temperatures should be set at 55–65°C. Another modification to increase lesion size has been the development of cool-tip catheters. By cooling the catheter tip more voltage can be applied without a rise in temperature at the catheter-myocardial interface. This results in a greater current density at the catheter-tissue interface, which results in a larger volume (and depth) of tissue heated by conduction. While cool-tip catheters can produce larger lesions, one cannot control the lesion size by assessing catheter tip temperature, since it is constantly being cooled. Excessive tissue heating, steam formation, and myocardial rupture can easily occur if the tip temperature is allowed to get too high. As a



result, I recommend using impedance as the main method of assessing lesion formation. A 10-ohm drop in impedance is ideal, and usually occurs at tip temperatures of 35–50°C. The method of cooling varies from an internal counter-current system to catheters in which the saline is flushed through a lumen at the tip of the catheter or through pores at the tip of the catheter. The latter two methods necessarily result in introducing a variable amount of saline into the circulation blood volume depending on the number of and time over which the lesions are given. Delivery of RF energy in pulses is another method of enlarging lesions. This occurs because of more rapid cooling at the catheter-tissue interface than in deep tissue between pulses. This allows for delivery of greater peak voltage and current (as with cool-tip catheters) while the deeper tissue temperature continues to rise between pulses. The pulsing capabilty has been built into some generators, although they are not widely available. Manual pulsing can also be used. I like this technique, particularly in ablating VT due to coronary artery disease, since I believe a larger lesion can be achieved with a lower likelihood of coagulum formation, thereby reducing the risk of stroke. The major advantages of RF energy are absence of barotrauma, lack of requirement of general anesthesia, lack of muscle stimulation, and the ability to control very focal injury. It is because of these factors that RF ablation has surplanted fulguration as the method of ablation in most centers. Another advantage of RF ablation is the fact that intracardiac electrograms may still be recorded throughout the procedure; and following delivery of RF energy, the catheter electrodes function perfectly to record and stimulate. Nevertheless, RF techniques remain limited by the requirement of good contact to achieve appropriate damage and by the fact that the extent of tissue damage is not predictible. Laser Ablation Lasers have been used in surgery for many years. In the past decade, there has been interest in using lasers intraoperatively for the management of ventricular arrhythmias or the creation of A–V block ( 44,45,46,47 and 48). There has also been an interest, however, in the development of catheter delivery of laser light ( 49). The mechanism by which laser ablation works is based on heat generation within tissue by the conversion of light energy into thermal energy. Depending on the laser used, the distribution of light within the tissue and the degree and site of destruction are quite variable and highly dependent on the wavelength. The two major laser systems used are argon laser light, which has a wavelength of 500 nM, and the ND:YAG laser, which has a wavelength of 1060 nM. With the argon laser, the light energy is absorbed rapidly in the first few millimeters of tissue, resulting in surface vaporization with crater formation. In contrast, the ND:YAG laser is associated with significant scatter in tissue, causing more diffuse and deeper tissue injury resulting in photocoagulation necrosis. Lee et al. ( 50) compared the electrophysiologic effects of the ND:YAG laser with DC shock in normal canine left ventricular endocardium. While the pathologic responses were similar qualitatively, the laser lesions were associated with less ventricular arrhythmias. The gross lesions produced by 40 to 80 joules of laser energy were comparable to lesions produced by 100 to 200 joules of DC shock in volume; however, lesions produced by the ND:YAG laser are homogeneous and well circumscribed ( Fig. 14-2). The advantages of laser-delivered energy are that it takes a short period of time to deliver and the amount of energy delivered can be easily controlled. However, if catheter delivery systems are to be developed, contact issues with the endocaralum, the site in the heart at which ablation is to take place (e.g., venous and arterial blood absorb laser energy to different degrees), and the ability to focus the laser on the specific target are issues that need further resolution. In addition, laser-delivery systems are the most expensive form of ablation, and as such, I believe will be the least widely employed.



FIG. 14-2. Comparison of lesions produced by cryoablation and ND:YAG photocoagulation. Both cryoablation and ND:YAG laser photocoagulation produce circumscribed, homogenuous necrosis. (From: Svenson RH, Gallagher JJ, Selle JG, et al. Neodymium: YAG laser photocoagulation of ventricular tachycardia: rationale, method of application, and results in 17 patients. In: Breithardt G, Borggrefe M, Zipes DP, eds. Nonpharmacological therapy of tachyarrhythmias. Mt. Kisco, NY: Futura Publishing, 1987:181, with permission.)



Cryoablation Cryoablation has been used in the surgical treatment of a variety of arrhythmias for 25 years. Well demarcated, homogeneous lesions produced by endocardial or epicardial application are similar to those produced by the ND:YAG laser ( Fig. 14-2). The lesions produced preserve the underlying fibrous structure, so they are inherently stronger and less likely to rupture than RF lesions. They were also apparently nonthrombogenic (e.g., no emboli in the absence of anticoagulation). While near transmural lesions can be produced intraoperatively using temperatures of –60°C in the presence of cold cardioplegia, achievement of such lesions with a catheter-based delivery system has not been definitively established at this time. However, several companies are developing catheter-based cryodelivery systems. The blood pool is a major impediment to achieving temperatures necessary to create permanent lesions that are adequate in size using cryothermia. At least two catheter systems are currently under investigation. The ability to reversibly cool tissue makes cryothermia a means to map sites for permanent ablation. Ultrasound Ultrasound energy converts mechanical energy to heat. The frequency required to produce destructive lesions ranges from 4–9 MHz. Ultrasound can be focused, and therefore has the unique property of not requiring tissue contact. Preliminary studies have applied ultrasound to the ablation of focal triggers by isolating the pulmonary vein from the atrial myocardium using utrasound delivered via a balloon placed in a pulmonary vein ( 51). There are also trials under way to assess its use in ablation of ventricular tachycardia. Theoretically, one could design catheters that have transducers that can both deliver energy and characterize the tissue response to the delivered energy. While this technique is exciting, the lack of electrophysiologic information associated with it makes its major use for anatomically based ablation.



CONTROL OF SUPRA–VENTRICULAR ARRHYTHMIAS BY ABLATIVE TECHNIQUES The development of surgical techniques to cure arrhythmias began with the first successful electrophysiologically directed cure of the Wolff-Parkinson-White syndrome. This took place in 1968, when Dr. Will Sealy successfully divided an A–V bypass tract localized to the right lateral A–V groove by epicardial mapping ( 1,2). This event initiated the development of surgical techniques to manage the Wolff-Parkinson-White syndrome ( 3,4,5,6,7,8 and 9), and subsequently, led to the development of innovative surgical interventions for the treatment of A–V nodal reentrant tachycardia, atrial tachycardias, and atrial flutter/fibrillation ( 5,10,11,12 and 13,52,53,54,55,56,57,58 and 59). Cryothermal injury, electrical shock, and lasers have also been used intraoperatively to manage these arrhythmias ( 25,26,60,61,62,63 and 64). In the past decade, catheter-delivered ablative techniques have been developed to manage arrhythmias that had previously required surgical intervention. In fact, the widespread use of catheter ablation techniques has virtually eliminated the need for surgery to manage drug-resistant supraventricular tachycardias that are due to the Wolff-Parkinson-White syndrome and A–V nodal reentry, as well as indirect surgical procedures (i.e., A–V junctional surgery) to control the ventricular response in situations in which direct removal or destruction of an arrhythmogenic site could not be accomplished (65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84 and 85). Localization of the arrhythmogenic substrate and defining the mechanism of arrhythmias has led to the development of these techniques and will be the focus of the discussion in this and subsequent sections. The major role of surgery today is for the “cure” of atrial fibrillation as a primary procedure or as an adjunct to valvular surgery.



Ablation of Atrioventricular Bypass Tracts and Variants of Preexcitation Successful ablation of atrioventricular bypass tracts requires precise localization of the atrial and/or ventricular insertion site of the bypass tract. As noted in Chapter 10, A–V bypass tracts may occur anywhere around the tricuspid and mitral annulae except for the region of aortomitral continuity, at which no ventricular myocardium lies below the atrium. The anatomy of right-sided and left-sided bypass tracts differs somewhat ( Fig. 14-3). The tricuspid annulus has a greater circumference (approximately 12 cm) than the mitral annulus (approximately 10 cm) and is not a complete fibrous ring, but may have many regions of discontinuity. This obviously means that the entire tricuspid annulus must be mapped in detail to accurately located right-sided pathways, whereas only approximately three-fourths of the mitral annulus needs to be mapped for left-sided pathways, because of the absence of pathways in the region of aortomitral continuity. Moreover, there is a folding over of the atrium and ventricle, as shown in Figure 14-3, such that it may be difficult to position the catheter at the tricuspid annulus because of a tendency of the catheter to fall into the folded over “sac.” Since bypass tracts can connect between atrium and ventricular anywhere along the folded sac, bypass tracts may be somewhat removed from the annulus: making accurate localization of the atrial insertion site critical to successful ablation. An annular ablation at a site that is nearly at the annulus may fail because the atrial insertion site may be as far as 1 cm away from the annulus in the folded-over atrial sac. This folded-over atrium and bizzare angle required for mapping of the inferior and posterolateral aspect of the right atrium by a catheter passed through the atrium from the inferior vena cava may make mapping of this region difficult using an inferior cava approach. Thus, in some cases a superior vena cava approach may be required to allow full exploration of the “folded-over atrial sac” and the inferior inferolateral positions around the tricuspid annulus. The standard inferior vena cava approach, however, is quite adequate to map the superior aspects of the tricuspid ring. Because of the anatomic variability of the right-sided A–V rings, Swartz et al. ( 86) have recommended insertion of a small catheter in the right coronary artery, which can be used to map the entire A–V ring since the coronary artery remains in constant relationship to the ring. This may be useful in patients with Ebstein's anomaly in which the triscupid valve is displaced into the ventricle or in patients who have had multiple unsuccesful attempts at ablation of right-sided pathways. I do not believe a right coronary catheterization should be used routinely, and in fact should be discouraged, since it has potential disastrous consequences. There has been no long-term follow-up of coronary arteries in patients in whom this procedure has been performed, and there should be serious concern regarding endothelial abrasion by such a catheter, resulting in initiation of an atherogenic process. In my opinion, careful and detailed mapping with standard ablation catheters is adequate. A guiding sheath is particularly useful when an inferior vena cava approach to an inferolateral bypass tract is utilized. Use of a halo catheter or a multipolar catheter positioned around the tricuspid annulus can provide very good regional localization capabilities to guide the roving ablation catheter. These multipolar catheters are used in an analogous fashion to coronary sinus catheterization for left-sided pathways (see below).



FIG. 14-3. Anatomy of the right and left A–V rings. A. The right atrioventricular (A–V) ring is schematically shown with a blow-up of the annular region. The ring is incomplete and the atrium “folds” over the ventricle producing a sack. B. The left A–V ring is solid, and the relationship of the coronary sinus, coronary artery, and potential bypass tracts are shown. The anatomy of both A–V rings differs and has led to different ablation approaches for right- and left-sided bypass tracts. See text for discussion. (From: Ferguson TB Jr, Cox JL, Surgical treatment for the Wolff-Parkinson-White syndrome: the endocardial approach. In: Zipes DP, Jalife J, eds.Cardiac electrophysiology: from cell to bedside. Philadelphia: WB Saunders, 1990:697–907.)



On the left side of the heart, there is no significant folding over of the atrium and ventricle on each other, and a mitral annulus is a continuous fibrous structure. Initial mapping of the left atrial insertion sites of bypass tracts can be accomplished via the coronary sinus with standard 10–20 pole catheters with 2–5 mm interelectrode spacing. One must recognize that the coronary sinus has a variable relationship to the mitral annulus. In all patients the proximal portion of the coronary sinus lies at least 2 cm superior to the annulus as it crosses the right to left atrium producing a pyramid-shaped space between the coronary sinus (base of the pyramid), the right and left atrium (sides of the pyramid), and central fibrous trigone (apex of the pyramid). Anterolaterally, it frequently overrides the left ventricle, although there is significant variability of the relationship between the coronary sinus and the mitral annulus from the posterior portion to the anterior portion (see Chap. 10). Thus the coronary sinus may lie above the annulus and be associated with the left atrium itself, or may cross over to the ventricular side of the annulus. Thus, electrograms recorded from coronary sinus only can provide a reference for the atrial and/or ventricular (in the case of over preexcitation) insertion sites of the bypass tract. As such, these electrograms can only be used to guide the ablation catheter to areas in which more detailed mapping can be performed. In addition, there are occasional anomalies of the coronary sinus, such as diverticuli, which may form the conduit for bypass tracts. In such cases, the bypass tract is epicardial and the ablation may need to be carried out in the coronary sinus, in which the earliest atrial activity during circus moving tachycardia or bypass tract potentials are found (see subsequent discussion on mapping). Conduction at the insertion sites of bypass tracts is markedly anisotropic, which is due to the nearly horizontal orientation of atrial and ventricular fibers as they insert into the mitral annulus. In addition, the atrial fibers run parallel to the annulus giving rise to rapid conduction away from the insertion site, parallel to the annulus, and slow conduction to the free wall of the atrium, perpendicular to the annulus. This has been demonstrated by Smeets et al. ( 87) using high-density intraoperative computerized mapping. Irregular waveforms associated with fragmented electrograms may begin as either broad (approximately 2 cm) or narrow onsets of activation. This frequently leads to the recording of multicomponent atrial electrograms of various shapes and durations when recorded from the coronary sinus, left atrium or left ventricle. It is my opinion that many so-called “bypass tract” potentials, which have been reported, may actually represent “fragmented” atrial or ventricular electrograms (see subsequent discussion). Localization of Bypass Tracts The mapping techniques that are used to localize the origin of the atrial and ventricular insertion sites bypass tracts have been detailed in Chapter 10. Nevertheless, it is important to reiterate that the earliest site of ventricular activation during antegrade preexcitation and the earliest site of retrograde atrial activation during circus movement tachycardia remain the most important markers for ventricular and atrial insertion sites of the bypass tract respectively. The presence of bypass tract potentials should be sought and are occasionally present (see Chap. 10, Fig. 10-69 and Fig. 10-70). In my opinion, activity recorded from a bypass tract should be recorded as a sharp, narrow spike in both unipolar and bipolar electrograms, and not just as one part of a multicomponent bipolar signal. Jackman et al. ( 88) have proposed methods of atrial and ventricular stimulation to validate the presence of a bypass tract potential ( Fig. 14-4 and Fig. 14-5). V–A conduction over a bypass tract with the accessory pathway (AP) potential noted between the ventricular and atrial electrograms is schematically shown in Figure 14-5. V–A block could theoretically be noted either proximal to (loss of potential) or distal to (persistence of a potential) the AP. Proof that this AP is related to the ventricle requires demonstration of the inability of a premature atrial complex to alter the AP. Conversely, if during V–A block the middle potential is absent, the appearance of this potential in response to a premature atrial extrastimulus suggests that the “AP potential” is related to the atrial signal and is not part of ventricular activity. During pacing-induced antegrade block in the bypass tract ( Fig. 14-4), premature stimulation of the ventricle can demonstrate separation of the bypass tract from atrial tissue or a definite association with ventricular tissue. However, unless there is a discordance between the results of the AP response to atrial or ventricular stimulation, these responses do not distinguish the AP from a component of either the atrial or ventricular electrogram. Furthermore, since retrograde block is not frequently seen in the bypass tract, the methodology suggested by Jackman et al. ( 88) in Figure 14-5 is not generally applicable. Finally, while AP potentials should appear as sharp spikes, most examples of AP potentials are rarely sharp deflections. In my opinion, the proposed stimulation protocols should only be applied when a sharp spike between atrial ventricular electrograms is present in both unipolar and bipolar recordings. One must remember that the use of filtering of bipolar signals can create a multicomponent electrogram that can be mistaken as a bypass tract. Even the presence of a spike does not necessarily distinguish that signal from one component of a multicomponent atrial or ventricular signal. I personally have never seen an “AP” potential that could be dissociated from both A and V electrogram by these stimulation techniques. Thus, in my opinion most of what have been labeled as AP potentials merely reflect one component of a multicomponent electrogram. Recently Neibauer et al. ( 89) evaluated the criteria proposed by Jackman et al. ( 88) to validate accessory pathway potential (see Chap. 10, Fig. 10-71 and Fig. 10-75). They used atrial electrograms that simulated accessory pathway potentials (i.e., atrial electrograms manifesting a split potential separated by at least 30 msec) and assessed the response of these potentials to atrial and ventricular extrastimuli. All but one of the proposed criteria was seen in response to atrial and ventricular stimulation, despite the fact that none of these patients had bypass tracts present. The only observation that they never saw was block between the first and second component of the atrial electrogram simulating block between the atrium and the bypass tract. This latter observation has never been convincingly



demonstrated in our laboratory in any patient with preexcitation. Although bypass tract recordings can be obtained, and may serve as a marker for catheter ablation of the bypass tract, proof that the electrical signal interpreted as a bypass tract potential is a bypass tract potential, in my opinion, is rarely achieved. More often it is not possible to distinguish a component of the atrial or ventricular electrogram from a true bypass tract potential.



FIG. 14-4. Use of ventricular stimulation to confirm the presence of a bypass tract potential. On top, atrial pacing produces block in a presumed bypass tract (AP) at the atrial-AP junction (A) and the AP-ventricular junction (C). Ventricular stimulation produces a retrograde AP ( B) and demonstrates dissociation with an antegrade AP (D), suggesting that AP is “truly” an AP. S = pacing stimulus; A = atrium; X = premature; V = ventricle. See text for discussion. (From: Jackman WM, Friday KJ, Yeung-Lai-Wah JA, et al. New catheter technique for recording left free-wall accessory atrioventricular pathway activation: identification of pathway fiber orientation. Circ 1988;78:598.)



FIG. 14-5. Use of atrial stimulation to validate the presence of a bypass tract potential in which retrograde block had occurred . On bottom, atrial stimulation is used to confirm that AP is truly an AP. Retrograde block is produced at the AP-atrial junction ( A) and the ventricular-AP junction (C). Atrial stimulation does not affect AP ( B) and produces an AP (D), allegedly validating the “AP” potential. S = pacing stimulus; X = premature; A = atrium; V = ventricle. See text for discussion. (From: Jackman WM, Friday KJ, Yeung-Lai-Wah JA, et al. New catheter technique for recording left free-wall accessory atrioventricular pathway activation: identification of pathway fiber orientation. Circ 1988;78:598.)



I do not personally believe the use of an orthogonal electrode enhances one's ability to record accessory pathway potentials. In contrast to Jackman et al. (69,79,88,90,91) I believe that true bypass tract potentials are only recorded in 5% to 15% of patients with preexcitation syndromes. It is, however, frequent to find abnormal, fragmented atrial signals at sites of early activation during orthodromic tachycardia and ventricular pacing. I think this reflects the marked anisotropic activation in the insertion sites of the bypass tracts. In our experience, such signals are often associated with the site of earliest activity. It is important to recognize that conduction delays of up to 100 msec or more, including split potentials, may be observed in very small regions of only a few mm due to nonuniform anisotropic conduction (92,93 and 94). Thus, what in some investigator's opinion is a bypass tract potential, our laboratory would frequently define as the earliest site of atrial activation; hence, in both cases that site would be appropriately ablated by either catheter or surgical techniques. In summary, to validate the presence of an accessory pathway potential, one must be able to dissociate it from both the local atrial and local ventricular electrogram. Most of the examples reporting to demonstrate proof of a bypass tract have not accomplished this. This is also true in some of the examples published attempting to demonstrate the differences between antegrade and retrograde site of block in accessory pathways during programmed stimulation ( 95). In my opinion, most electrograms that have been described as accessory pathway potentials represent one component of a fragmented atrial electrogram. Often, the choice of component designated as an accessory pathway potential can vary, depending on whether the investigator is looking at block in the antegrade or retrograde direction. This confusion is readily seen in Figure 14-6 in which the rapid component of a fragmented atrial electrogram is marked as an accessory pathway (AP) when block occurs during antegrade stimulation and is considered an atrial deflection during ventricular stimulation ( 95,96).



FIG. 14-6. Example of arbitrary and inconsistent definition of accessory pathway potential. A and B. Purported demonstration of antegrade (A) and retrograde (B) block at the junction of the accessory pathway (AP)-ventricular junction. Close inspection of the electrograms suggests that two components of a fragmented atrial electrogram are arbitrarily labeled AP and A. This is best seen in the middle CS recording in which the slowly inscribed deflection and sharp deflection are called A and AP, respectively, during antegrade block and AP and A, respectively, during retrograde block. (From: Kuck KH, Friday KJ, Kunze KP, et al. Sites of conduction block in accessory atrioventricular pathways: basis for concealed accessory pathways. Circ 1990;82:407.)



The multicomponent characteristics of both unipolar and bipolar electrograms recorded during the retrograde conduction of a bypass tract may reflect many factors including (a) fiber orientation of the accessory pathway relative to that of the insertion site in the atrial and ventricular myocardium; (b) the orientation of atrial fibers relative to the recording electrodes (these are usually nearly horizontal at the point of attachment to the annulae); (c) the geometric/spatial relationship of the recording electrode and the site of insertion of the accessory pathway, which is related to; (d) the anatomic location (endocardial vs. epicardial) and physical characteristics (length, width, single trunk vs. “twig-like” insertion) of the bypass tract. More important than trying to decide whether or not a multiple component signal contains an accessory pathway potential is the recognition of the presence of multiple bypass tracts. While this was discussed in Chapter 10, it needs to be reiterated, because a single ablative procedure may fail to cure symptomatic arrhythmias if the presence of an additional bypass tract or another source of arrhythmias, such as A–V nodal reentry, is not diagnosed at the time of the electrophysiology study. Thus, the concept of “single catheter” approaches to ablation of arrhythmias should be abandoned since at least 10% of patients who have multiple arrhythmias and another



10% to 20% (depending on the patient population at the institution performing the studies) will have multiple bypass tracts. Signs of multiple bypass tracts include multiple atrial breakthrough sites during orthodromic tachycardia ( Fig. 14-7), eccentric atrial activation during circus movement preexcited tachycardias, tachycardia showing fusion between fully preexcited and narrow QRS complexes, and different retrograde atrial activation sequences that are present during different tachycardia types (Fig. 14-8). Obviously, a mismatch between the earliest site of antegrade ventricular preexcitation and retrograde atrial activation during circus movement tachycardia defines mul-tiple pathways. In addition, the observation of a changing relationship of the His potential to the ventricular electrogram, without any change in the cycle length or atrial activation sequence during a preexcited tachycardia, suggests the presence of multiple bypass tracts since the His-Purkinje system cannot be a component of the reentrant circuit (Fig. 14-9).



FIG. 14-7. Multiple bypass tracts recognized by two atrial breakthrough sites. Five surface ECG leads are shown with bipolar, filtered electrograms from the HRA and HBE, and five unipolar (.05 to 400 Hz) recordings from the CS. CS 1and CS3 show early breakthrough separated by later activation, suggesting two pathways.



FIG. 14-8. Multiple bypass tract manifested by fusion during preexcited tachycardia and different routes of retrograde atrial activation . Three tachycardias are shown. A totally preexcited tachycardia using a left lateral bypass tract antegradely ( A), narrow QRS orthodromic tachycardia (C), and a wide complex tachycardia, which is a fusion of antegrade conduction over a left lateral bypass tract and the A–V node ( B). Retrograde atrial activation shows a right anterolateral bypass tract ( A), a septal bypass tract (B), and a left lateral bypass tract ( C).



FIG. 14-9. Preexcited tachycardia with eccentric atrial activation and changing His bundle activation. A and B. A preexcited tachycardia is present with retrograde activation over a left posterior free wall bypass tract (retrograde activation earliest in CS site 6). An additional posteroseptal bypass may be present because the atrial activation (A) in the HBE is earlier than the CS-os. The His bundle is activated retrogradely by two routes left bundle branch (panel A) and right bundle branch (panel B), giving rise to two V–H intervals. The lack of effect of V–H on tachycardia cycle length suggests no role for the normal A–V conducting system in the tachycardia. CL = cycle length; LRA = low right atrium.



One must also determine whether or not the bypass tract is an innocent bystander during an unrelated arrhythmia. As discussed previously in Chapter 10, atrioventricular, atriofascicular, or nodofascicular bypass tracts may be innocent bystanders during A–V nodal reentry or orthodromic circus movement tachycardia (see Chap. 10, Fig. 10-33, Fig. 10-34 and Fig. 10-35 and Fig. 10-107). The presence of dual A–V nodal pathways, with or without A–V nodal reentry, can confound the diagnosis of supraventricular tachyarrhythmias using atrioventricular, atriofascicular, or nodofascicular bypass tracts. This can be seen in Figure 14-10 in which A–V nodal tachycardia can alternate with circus movement tachycardia resulting in variable heart rates and QRS configurations. Detailed analysis of retrograde atrial activation is necessary to delineate both mechanisms so that they may both be appropriately treated during any ablative procedure.



FIG. 14-10. A–V nodal reentry alternating with orthodromic circus movement tachycardia. A–V nodal reentry with LBBE aberration is present for the first four complexes. On the fifth complex (asterisk), retrograde block in the fast pathway terminates A–V nodal reentry, but the tachycardia continues as circus movement tachycardia, using a right lateral bypass tract. Phase 3 block in the RBE occurs at the onset of circus movement tachycardia.



The presence of dual A–V nodal pathways, without A–V nodal reentry due to absence of retrograde fast pathway conduction, can cause a change in cycle length of circus movement tachycardia. This may occur as alternation of the tachycardia cycle length or two distinct tachycardia cycle lengths, depending on the route of antegrade conduction over the A–V node. Conduction over slow A–V nodal pathway can also result in either an innocent bystander atriofascicular or nodofascicular bypass tract. Activation of the ventricle over an atriofascicular or nodofascicular bypass tract during orthodromic tachycardia can occur. The orthodromic tachycardia may only be recognized when antegrade conduction proceeds over the fast pathway. This latter situation is demonstrated in Figure 14-11, in which a nodofascicular bypass tract functions passively to produce an apparent nodofascicular circus movement tachycardia when antegrade conduction uses a slow A–V nodal pathway from which the nodal fascicular bypass tract takes off. A change from the nodal fascicular “QRS complex” to a narrow complex circus movement tachycardia was produced by a VPC, which shifted antegrade A–V nodal conduction from slow to fast pathway. The narrow complex circus movement tachycardia demonstrated antegrade conduction over the faster A–V nodal pathway with retrograde conduction over a slowly conducting left lateral bypass tract. The fact that a VPC could change the QRS complex militates against the “Mahaim fiber” actually being a slowly conducting atriofascicular bypass tract, since with this marked delay in retrograde atrial conduction over the slowly conducting left lateral bypass tract, and longer A–A interval, enough time should elapse such that antegrade conduction should still have proceeded over the “Mahaim-like fiber” if it were truly atriofascicular. In addition, the His timing from the onset of ventricular activation to the right bundle potential is much shorter during the “Mahaim” tachycardia (V-RB = 10 msec) than during the VPD delivered at the right ventricular apex (V-RB = 65 msec) suggesting a close physical relationship of the origin of the Mahaim fiber to the proximal right bundle branch. Thus, a systematic approach must be undertaken to delineate the necessary components of reentrant tachycardias so that catheter-based or surgical ablative procedures will not destroy tissues unrelated to the tachyarrhythmia, leading to unnec-essary adverse, long-term sequelae.



FIG. 14-11. Nodofasicular reentry during circus movement tachycardia. Five ECG leads are shown with electrograms from the HRA, right bundle (RBE), HBE, lateral right atrium (LRA), and proximal, mid- and distal coronary sinus (CS, at lateral left atrium). Antegrade conduction initially occurs over a nodo- or atriofasicular bypass tract (note RB precedes H), and retrograde conduction over a slowly conducting left lateral bypass tract. A VPC penetrates the A–V node, shifting conduction to a fast A–V nodal pathway and the tachycardia continues as a narrow QRS. This response suggests that the bypass tract connects from the slow A–V nodal pathway to the right bundle branch and is only active during slow pathway conduction. See text for discussion.



Catheter Ablation of Bypass Tracts The indications for catheter ablation of bypass tracts has been markedly liberalized with the development and refinement of catheter technology and newer mapping data acquisition systems, both of which have led to an extremely high success rate for curing arrhythmias associated with bypass tracts. Recent multi-center experience reports acute success rates averaging 95% with a recurrence rate of 3% to 10% ( 97,98,99 and 100). More importantly, cost-effectiveness of this procedure has been established ( 101). As such, virtually all patients with symptomatic arrhythmias due to accessory pathways should undergo catheter ablation as a primary therapy. However, as stated in Chapter 10, I do not believe that the asymptomatic patient with manifest preexcitation, regardless of the refractory period of the bypass tract or the ventricular response during induced atrial fibrillation, should undergo ablation. There is no evidence that such patients develop life-threatening arrhythmias, or any arrhythmias for that matter. For patients with symptomatic arrhythmias due to accessory pathways radiofrequency, catheter ablation, with its high success rate and low morbidity, is the standard of care. Ablation of bypass tracts may be accomplished using an atrial or ventricular approach, as schematically depicted in Figure 14-12. Simultaneous recordings from both approaches are shown in Figure 14-13. In our laboratory, we prefer a left ventricular approach for left-sided bypass tracts and a right atrial approach for right-sided and septal bypass tracts. A transeptal approach for ablating left-sided bypass tracts on the atrial side has also been used and shown to be equally effective to the retrograde aortic approach ( 102,103). We use a transseptal approach to the left ventricular approach in order to avoid the potential complications of transeptal catheterization. Severe aortic atherosclerotic disease would be another indication for a transseptal approach. Others prefer a transeptal approach for all left-sided bypass tracts. In my experience, however, contact and stability are better with a retrograde approach and ablation on the ventricular side of the mitral annulus. As such, the power needed to achieve adequate temperatures or impedance changes is less using the retrograde approach than during a transeptal approach. I believe this decreases the incidence of coagulum formation and potential for stroke. Occasionally, posteroseptal bypass tracts require ablation from either the left ventricle or transeptal left atrium at the medial aspect of the mitral annulus. Finally, some cases of posteroseptal bypass tracts, particularly those that are epicardial and that are associated with abnormality in the coronary sinus (e.g., coronary sinus diverticulum) must be ablated from within the coronary sinus. In the presence of overt preexcitation, an epicardial location of the bypass tract is suggested if the earliest site of endocardial ventricular activation does not precede the onset of the delta wave. In my experience, such bypass tracts are almost always in the left posterior paraseptal space or associated with a coronary vein in which the bypass tract is located.



FIG. 14-12. Methods of catheter ablation of bypass tracts . Ablation of left-sided bypass tracts is most commonly performed from a ventricular approach in which the electrode through which energy is delivered is placed at the mitral annulus under the mitral valve. (left) For right-sided bypass tracts, we use an atrial approach with the ablating electrode placed on the A–V ring. (right) A guiding mapping catheter in the right coronary artery has been suggested by some.



FIG. 14-13. Atrial and ventricular approaches to the ablation of left posterior bypass tract . Left anterior ablation (left) and right anterior ablation (right) are shown with analog recordings of atrial and ventricular activation at the site of earliest ventricular activation recorded from either the left atrium or left ventricle (bottom). Both demonstrate ventricular activation prior to the delta wave, but the ventricular electrogram recorded from the left ventricle begins slightly earlier than that recorded from the left atrium.



Left-sided bypass tracts that manifest either ventricular preexcitation or are only seen as concealed bypass tracts only capable of retrograde conduction, are the most common types of atrioventricular bypass tracts. They make up approximately 60% of all bypass tracts that we have studied. Regardless of whether a transeptal or a retrograde aortic left ventricular approach is used, an initial attempt at localization is made using a multipolar coronary sinus catheter. The recordings from the coronary sinus catheter are usually made in the bipolar configuration, but it is often helpful to include unipolar as well as bipolar signals. Unipolar signals are used to more precisely localize the sites of atrial or ventricular insertion of the bypass tract. In the coronary sinus, an atrial or ventricular unipolar electrogram with a QS complex is believed to represent the site of insertion of an epicardially positioned bypass tract ( Fig. 14-14). A ventricular electrogram with an rS morphology recorded from the coronary sinus may be the earliest activation of an endocardially located bypass tract ( 78,104). Alternatively, the rS may represent a recording that is somewhat removed from the site of atrial and/or ventricular insertion. Both atrial and ventricular components may exhibit normal smooth contours or may be polyphasic or fragmented. Fragmentation of unipolar signals is always associated with fragmented bipolar signals and, in my opinion, reflects anisotropic conduction from the site of insertion of the bypass tract. Examples of QS and an rS atrial signals, which are smooth or fragmented, are demonstrated earlier in Figure 14-7. Use of unipolar signals is also critical in order to demonstrate that the distal electrode, which is used for radiofrequency delivery, is actually the electrode recording the earliest activity. If only bipolar recordings are utilized, one does not know which of the two poles is responsible for the earliest component of the bipolar electrogram. Figure 14-15 demonstrates how the use of unipolar electrograms demonstrates that the second pole of the distal bipolar electrogram was responsible for the earliest activity in that bipolar electrogram. Delivery of RF energy at this site through unipolar lead 1 would not have resulted in elimination of the bypass tract. Thus, the use of unipolar electrograms cannot be understated. They provide directional information and importantly provide critical information that is necessary to demonstrate that the distal pole through which the RF energy is delivered is at the site of earliest activation. This is true regardless of whether one is accessing the earliest site of ventricular activation in a preexcited complex or the earliest atrial activation during retrograde activation over the bypass tracts.



FIG. 14-14. Unipolar electrograms from the coronary sinus in a patient with a left-sided bypass tract. Nine unipolar electrograms from a decapolar catheter are shown with ECG leads and electrograms from the HRA and HBE. Pole 2 shows the earliest intrinsicoid deflection. Note the P–QS configuration. See text for discussion.



FIG. 14-15. Use of unipolar recordings to demonstrate the source of the different components of a bipolar electrogram. Surface ECG lead V 1 is shown with electrograms from the right atrial appendage (RAA), His bundle (HB), and eight electrograms from the proximal (p) to distal (d) coronary sinus (CS). Left ventricular distal and proximal bipolar electrograms are shown following that, and underneath that, unipolar signals from the distal electrode and second pole. The left ventricular distal electrogram shows the earliest recorded atrial activity during ventricular pacing. The atrial electrogram is made up of two components. Using the unipolar signals, one can see that the second pole (LV2) is responsible for the earliest component of the distal LV electrogram while the tip electrode is responsible for the second component. This suggests that this is an inappropriate site for ablation since the tip electrode was not recording from the site of earliest atrial activation. See text for discussion.



There are additional features in the coronary sinus that should make one expect an epicardial location requiring manipulation of the catheter down one of the cardiac veins. First is the appearance of the early, near-simultaneous activation along at least three bipolar pairs of the coronary sinus catheter. This suggests that the coronary sinus is removed from the site of earliest activation from which radial spread approaches the coronary sinus catheter in a broad wavefront and that the coronary sinus is remote from the mitral annulus. In such an instance, one should attempt to manipulate catheters in various cardiac veins in an attempt to find earlier activity (Fig. 14-16) that demonstrates an early, near-simultaneous activation at the OS, the fourth bipolar pair, and the third bipolar pair in a decapolar coronary sinus catheter. Manipulating the catheter in the cardiac vein located an early potential 3 cm down the vein closer to the mitral annulus and the ventricular epicardium. Delivery of RF energy at this site resulted in block in the bypass tract ( Fig. 14-17). Another important observation shown in this tracing is the finding of a local V–A time exceeding 50 msec in the coronary sinus in the presence of a rapidly conducting bypass tract. Even if the earliest CS recording is bracketed, as shown in Figure 14-18, this long, local V–A time at the earliest site suggests that exploration of a cardiac vein be undertaken and that the coronary sinus is removed from the site of earliest activation. Unipolar electrograms from the electrodes surrounding the early bipolar sites usually show a small R wave ( Fig. 14-18). Exploration of the cardiac vein proximate to CS bipolar pair 3 yielded an earlier atrial electrogram with a V–A interval of 30 msec at a site adjacent to the mitral annulus. This electrogram preceded the earliest recorded in the coronary sinus by 35 msec. Successful ablation of the bypass tract was accomplished at this site. If at all possible, ablations should be carried out in sinus rhythm or preferably during atrial or ventricular pacing. Attempts to cure an RF energy during a tachycardia are often associated with catheter instability, particularly if there is abrupt loss of conduction over the bypass tract. Block in a bypass tract results in immediate termination of the tachycardia, which is often associated with displacement of the catheter from its critical position. Since there will be no conduction for a variable period of time one cannot find a



suitable target to complete the RF lesion. One can only hope for return of conduction over the bypass tract in a short period of time so that it can again be targeted. Unfortunately, on some occasions the bypass tract conduction will not return until the patient leaves the hospital and the tachycardia recurs. Ablation during continuous pacing prevents this problem. Use of the CARTO electrical-anatomic mapping system may obviate this problem by tagging the initial site of ablation, allowing the investigator to return with great precision to that site.



FIG. 14-16. Simultaneous activation of multiple electrodes in the coronary sinus suggesting it is removed from the mitral annulus. Surface leads I, II, III, and V 1 are shown during ventricular pacing. Electrograms from the HRA, the distal and proximal HBE, the distal and proximal ablation (ABL catheter) located 3 cm inside the cardiac drain and electrograms from the coronary sinus OS, the fourth bipolar pair, third bipolar pair, second bipolar pair and distal pair and the RV. Activation in poles 3, 4, and the OS of the coronary sinus showed nearly simultaneous onset of activation. This suggested that the coronary sinus was removed from the mitral annulus. As a result, a catheter was placed 3 cm in a posterior cardiac vein, at which point the mitral annulus was approximated. At this site the earliest atrial activation was recorded, 35 msec prior to that in the coronary sinus. See text for discussion.



FIG. 14-17. Ablation of concealed bypass tract in a posterior cardiac vein 3 cm from the OS of the coronary sinus. This is the same patient as recorded in Fig. 14-16 in whom earliest activation was recorded in a cardiac vein. Ablation in that cardiac vein during ventricular pacing resulted in block in the bypass tract in less than 3 seconds (see arrow).



FIG. 14-18. Local coronary sinus with V–A conduction times exceeding 50 msec suggest the presence of a bypass tract removed from the coronary sinus. In this figure, during circus movement tachycardia bipolar recordings are shown from four coronary sinus pairs (CS2-CSP) and unipolar coronary sinus recordings from poles 2–6. These poles were chosen since the earliest bipolar recording was in CS3 (poles 5 and 6). The earliest activation time locally was nearly 75 msec in pole 5, which had a small R deep S wave. This suggested that the coronary sinus was removed from the mitral annulus and earliest site. A catheter inserted in the vein proximate to pole 3 revealed the earliest bipolar and unipolar recording some 30 msec at the head of the earliest bipolar recording (in the coronary sinus). This was the target site for successful ablation. See text for discussion.



Selection of a good site during ventricular pacing may sometimes be difficult because of dimunition of the amplitude of the atrial electrogram and merging of the atrial electrogram with the ventricular electrogram because of the influence of a slanted bypass tract. Rapid ventricular pacing to produce V–A block can demonstrate what component of the ablation electrogram is ventricular and what is atrial ( Fig. 14-19). As mentioned above, as well as in Chapter 10, bypass tracts are frequently slanted. If one uses a ventricular approach to ablate a concealed bypass tract, the ventricular insertion site can be identified as that site that maintains a constant V–A interval, despite differences in direction of activation to the ventricular site. This is schematically shown in Figure 14-20. The local V–A time measured on the ablation catheter must remain constant if activation occurs over the bypass tract, regardless of which direction the ventricular wavefront engaging a bypass tract is traveling. Sites that may have a shorter V–A interval in response to retrograde conduction over bypass tract activation during a ventricular activation from one direction may have a markedly different V–A interval when the ventricle and bypass tract are activated in the opposite direction.



FIG. 14-19. Use of rapid ventricular pacing to ascertain where the atrial deflection is located during circus movement tachycardia or ventricular pacing. Ventricular pacing with a cycle length of 350 msec is shown with surface lead II, III, and V 1 and recordings from the HRA, HBE 3, CS leads and an ablation catheter. The first two pace complexes are a search of the atrial deflections, the begining of which are hard to see in the distal coronary sinus and the ablation catheter. This third ventricular paced complex is not associated with atrial electrograms and allows one to see where the atrial electrogram began. P nodes were blocked during rapid pacing is



therefore a good method to assess the exact location of atrial activity during circus movement tachycardia or ventricular pacing. See text for discussion.



FIG. 14-20. Locating the ventricular site of insertion of a concealed bypass tract. A bypass tract is shown to connect the atrium and ventricle at an angle The effect of a paced wave front from right to left (A) and left to right (B) on local V–A times is shown. The ventricular site of insertion should have a constant (V–A) interval regardless of the direction of activation. See text for discussion.



Using the ventricular approach the catheter is positioned just underneath the mitral annulus as depicted in Figure 14-12 and Figure 14-13, to record a ventricular electrogram and an atrial electrogram. At the appropriate position (near the ventricular insertion site) the atrial deflection is usually one-fourth the size of the ventricular deflection and during ventricular pacing the atrial deflection gets even smaller and sometimes becomes lost in the ventricular electrogram. As suggested above, rapid pacing to V–A block can help define the onset of atrial activation during conduction over the bypass tract. During ventricular pacing, retrograde atrial activation is usually earlier than that recorded in the coronary sinus. Once this site is recorded and is stable, RF is delivered during ventricular pacing ( Fig. 14-21).



FIG. 14-21. Ventricular approach to mapping and ablation of a concealed bypass tract. MRA can be arranged with surface ECG leads I, II, III, V 1 and electrograms from the HRA, HBE, 4, CS recordings and left ventricular mapping recordings from the ablation catheter. In panel ( A), during ventricular pacing, the earliest activity recorded in the left ventricular mapping catheter was seen to be opposite the recording in the distal CS. Note the small atrial deflection which is 30 msec earlier than the earliest recording in the CS. Rapid ventricular pacing is often necessary to discern the onset of atrial activity (see Fig. 14-19). In panel (B) application of RF energy during pacing produces loss of activation over the bypass tract and atrioventricular dissociation after 7 seconds.



During antegrade preexcitation the site of earliest ventricular activation usually precedes the delta waves by 10–30 msec and is associated with a QS or rS morphology depending on whether it is endocardial, intramural, or subepicardial in location. In rare cases, a left lateral bypass tract with a long A–V conduction time (which may or may not be decremental) is present. In such cases, no overt preexcitation is obvious in sinus rhythm, but may only be manifest by pacing at the left atrium via the coronary sinus. In such cases, successful ablation of the bypass tract may cause a change of the mid or terminal components of the QRS, which is associated with an abrupt increase in the local A–V interval at the site of the bypass tract ( Fig. 14-22).



FIG. 14-22. Effect of ablation of a bypass tract with “post excitation.” ECG leads I, II, III, V 1 and V5 are shown with electrograms from the HRA, HBE, CS and left ventricular ablation catheter and RV. A left lateral bypass tract is present with a long conduction time, which was associated with a local A–V interval of 90 msec. No overt preexcitation is present because the area of the ventricle that is “pre-excited” occurs after the onset of normal activation. With radiofrequency application one can see a loss of the terminal forces in the QRS and a lengthening of the local A–V interval. Thus, successful ablation of an antegradely conducting bypass tract with a long conduction time may produce changes in the mid and terminal parts of the QRS since a delta wave may not be seen. See text for discussion.



When using the ventricular approach, because the contact is usually good, we usually aim for a temperature of 55–65°C with temperature control catheters, or the lowest power, which results in a 10 ohm drop in lead impedance. This is usually easily achievable. If one is at the appropriate site, loss of conduction over the bypass tract is accomplished in less than 10 seconds ( Fig. 14-23 and Fig. 14-24). If the transeptal approach is used, catheter stability is not as reliable, and a sheath is invariably required to maintain stable contact. The sheath is usually positioned in the lateral left atrium through which the catheter is passed toward the medial aspect of the mitral annulus. The catheter can then be withdrawn slowly to map the mitral annulus until the earliest retrograde atrial activation is recorded during the tachycardia or ventricular pacing. Achievement of appropriate temperatures, or, more importantly, drops in impedance are more difficult from the transeptal approach due to the loss of temperature via convective cooling of the blood. Finally, if the ablation is carried out within the coronary sinus, I recommend keeping temperatures at 55°C, but more frequently I use impedance drops to determine how much energy is delivered. I generally use the lowest energy, which results in a 10 ohm drop in impedance. Usually, epicardial pathways are eliminated quickly, but I try to maintain delivery of energy for a minute since I believe many of these bypass tracts insert as multiple twigs or broad bands in the muscular sheath of the coronary vein. Using such precautions, ablation from within the coronary sinus appears safe ( 105).



FIG. 14-23. Ablation of left lateral bypass tract from the sinus rhythm. Surface ECG leads I, AVF, V 2 and V6 are shown with intracardiac recordings. The earliest site of ventricular activation is opposite CS bipolar electrogram 5-6. Radiofrequency energy abolishes antegrade conduction over the bypass tract ( arrows), which is clearly seen on both the surface ECG and the intracardiac recording from CS 5-6.



FIG. 14-24. Radiofrequency ablation of retrogradely conducting concealed left lateral bypass tract. RF energy is delivered during ventricular pacing in a patient with a concealed left-sided bypass tract. The earliest atrial activation is recorded with the ventricular approach opposite CS 5-6 during ventricular pacing. Note the remarkable fractionation in the CS electrograms. There is an abrupt block of retrograde conduction in the bypass tract 4 sec after the onset of 35 watts of RF energy.



For ablation of bypass tracts located around the tricuspid annulus, we prefer to use an atrial approach. The vast majority of bypass tracts around the tricuspid valve can be reached through catheters introduced via the inferior vena cava, although occasionally the catheter must be placed via the superior vena cava when the bypass tract is located inferolaterally. As stated earlier in the chapter, although some investigators have suggested using a small catheter path in the right coronary artery to guide mapping of right-sided bypass tracts, we believe this should not be done routinely and that regionalization of the bypass tract can be readily accomplished using a Halo catheter or a multipolar catheter positioned around the tricuspid annulus. When preexcitation is present, the earliest onset of ventricular activation recorded on the ablation catheter using either unipolar or bipolar electrograms should precede the delta wave by at least 25 msec. Examples of mapping and ablation of a right anterior manifest, anterogradely conducting and a concealed right lateral bypass tract are shown in Figure 14-25. Sheaths are available and helpful for stabilization of catheters positioned inferolaterally along the tricuspid annulus. Folding over of the atrial myocardium around the annulus is associated with bypass tracts that may insert into the atrium 1 cm from the annulus. This can lead to ablation failures if not appreciated. Posteroseptal bypass tracts, which are actually the second most common, usually can be readily approached in the inferior septal regions of the tricuspid annulus. The atrial insertion site may involve the proximal portions of the CS, but most of these bypass tracts can be approached from the right atrium. Approximately 25% will require ablation in the coronary sinus. These can be suspected when delta waves are negative in lead 2 and 3 or when the retrograde atrial activation shows equal negativity of P waves in 2 and 3 and F. Midseptal pathways are those that are found between the OS of the CS and the A–V node. These may be approached from either the right side or on rare occasions from the left side and are associated with a 5% incidence of heart block if the catheter is positioned in the triangle of Koch. Such bypass tracts should be ablated with the catheter on the tricuspid annulus or on the ventricular side of the tricuspid annulus to decrease the incidence of A–V block. Safety will further be enhanced by using the lowest power required to get an impedance drop of 10 ohms. The anterior septal pathways are hard to distinguish from pathways that are parahissian. They often exhibit a bypass tract potential and/or early activation at a site without a His bundle deflection ( Fig. 14-26). The parahissian pathways, by definition, are recorded with simultaneous His bundle activity from which it needs to be distinguished. An ablation of the parahissian pathway is shown in Figure 14-27. In this particular incidence the ablation catheter was positioned so that the tip produced pressure perpendicularly to the His bundle region. This led to a rather slowly inscribed ventricular depolarization consistent with onset of ventricular activity as well as a slowly inscribed “inferior” His bundle deflection, which times identically with the discrete bipolar deflection on the His bundle catheter. With ablation of the bypass tract there is loss of the negative deflection between the A and the broad H and disappearance of the delta wave. Right bundle branch block is a frequent complication of ablation of parahissian pathways since the right bundle is often injured as it emerges from the central fibrous trigone. Catheter positions for left lateral, right posterior, paraseptal and right anterior bypass tracts are shown in Figure 14-28, Figure 14-29 and Figure 14-30.



FIG. 14-25. Radiofrequency ablation of right-sided bypass tracts. A and B. Ventricular preexcitation is recorded from a unipolar rove electrode as an intrinsicoid deflection 25 msec before the delta wave during sinus rhythm. RF energy delivered at this site abruptly causes loss of preexcitation over this anteroseptal bypass tract. C and D. SVT using a right anterolateral bypass tract is present ( C). The RF rove records earliest bipolar activity on the atrial side of the tricuspid valve. RF energy delivered during SVT produces block in the bypass tract with immediate return to sinus rhythm and no evidence of preexcitation.



FIG. 14-26. Anteroseptal bypass tract. Anteroseptal bypass tract is characterized by the presence of a bypass tract potential and the absence of a His bundle in the apex of the triangle of Koch. Note that the mapping catheter (MAP D) has an accessory pathway potential in the bipolar and perhaps in the unipolar (MAP U) recordings. Note that the HBE does not show a clear His deflection. See text for discussion.



FIG. 14-27. Parahissian bypass tract. This tracing comparison of the His bundle recording and the ablation pathway shows a slowly inscribed potential in the ablation catheter prior to and simultaneous with the His bundle recording in the HBE. These represent activation over the bypass tract and over a slowly inscribed His bundle, respectively. This is validated by instantaneous loss of preexcitation demonstrating consistent positioning of the His bundle potential associated with the slowly inscribed second potential in the first complex and loss of the preexcitation in the first negative potential in the first complex. Right bundle branch block is present, which facilitates the observation of a broad slowly inscribed His deflection from the ventricular myocardium. See text for discussion.



FIG. 14-28. Catheter position for left-sided ablation. Two catheters are placed in the CS (one at the os and the other at the lateral wall). An RV catheter and a His bundle (HB) catheter are also shown. The (ABL) catheter was passed retrogradely to the LV, and the tip ( large arrow) was placed opposite the distal pole of the CS catheter, from which the earliest retrograde activity was recorded ( small arrow).



FIG. 14-29. Catheter position ablation of right posterior paraseptal bypass tract. A. A right anterior oblique (RAO) view is shown in which the ablation (ABL) catheter is looped in the right atrium (RA) and positioned at the ventricular side of the A–V ring ( arrow, ABL). B. A left anterior oblique (LAO) view of the same catheter is shown (arrow, ABL). Quadripolar catheters are also seen in the RA and RV as well as a decapolar catheter in the His bundle-A–V junction catheter.



FIG. 14-30. Catheter position for ablation of right anterior bypass tract. Catheters are shown in the 45° LAO view. The His bundle catheter ( small arrow, HB) is medial to the ablation catheter (ABL, heavy solid arrow), which is on the atrial side of the anterotateral aspect of the tricuspid valve. A roving catheter is placed just across the valve in the RV adjacent to the ABL catheter ( thin arrow).



Our overall success rate for ablation of all pathways is 97%. In the last five years we have had only two failures. One was a left epicardial bypass tract, which actually disappeared within 3 seconds of RF ablation. The RF energy was delivered for 15 seconds and then discontinued because of pain. The procedure was terminated at that time at the patient's request. Bypass tract conduction returned several hours later. The second failure was in an intermediate pathway. Initial attempts at ablation from the right side produced transient success but the arrhythmia recurred 6 hours later. On the following day a second ablation was successful using the retrograde aortic approach. In general, the greater the experience of the operator, the higher the success rate and the fewer lesions used. While success rates in many laboratories exceed 95%, the use of multisite “insurance lesions” to achieve these results should be discouraged. The use of two or less sites should be a goal and requires attention to careful mapping to achieve. We have had only two recurrences, both in two patients in whom we failed initially. One of these underwent a second successful ablation as described above. The other gentleman is currently being treated for active hepatic pulmonary and renal tuberculosis and his tachycardias are



readily controlled by antiarrhythmic drugs at this time. Ablation of Preexcitation Variants The two major variants of preexcitation that lend themselves to catheter ablation are slowly conducting concealed bypass tracts and atriofascicular bypass tracts. The recognition, diagnosis, and characteristics of both these variants are detailed in Chapter 10. The permanent form of reciprocating tachycardia is generally caused by a slowly conducting bypass tract, which is commonly in the posteroseptal in location. In my experience, in almost half of the patients in whom we have diagnosed a slowly conducting bypass tract, the bypass tract was located in the posterior or left free wall (greater than 4 cm inside the coronary sinus). The remaining half were located between the base of the pyramidal space, which is formed by the points of pericardial deflection that contact with the posterior right and left atrium. An example of a slowly conducting bypass tract inserting 4 cm inside the coronary sinus is shown in Figure 14-31. In most series the majority of these slowly conducting bypass tracts occur around the region of the OS of the coronary sinus, although others have recognized the variability of location of such bypass tracts ( 106). Until recently, I had not encountered any anteroseptal slowly conducting bypass tracts, but in the last three months prior to writing this chapter I encountered two patients with slowly conducting parahissian bypass tracts ( Fig. 14-32). The atrial insertion sites of these slowly conducting bypass tracts usually demonstrate multicomponent electrograms. Successful ablation of these bypass tracts exceeds 90% but often requires lesions delivered in the coronary sinus.



FIG. 14-31. Ablation of a slowly conducting left posterior bypass tract. In panel (A), circus movement tachycardia in a slowly conducting bypass tract is present. Note that the earliest activation is seen in CS bipolar pair 3 ( arrow). This corresponds to a site 4 cm inside the OS of the CS at which site successful ablation was accomplished guided by electroanatomic mapping (panel B). (See Color Fig. 14-31.)



FIG. 14-32. Ablation of a slowly conducting parahissian bypass tract. Atrial activation is color coded in the electroanatomical map during circus movement tachycardia. The His bundle is marked by the orange circle and the ablation sites adjacent to it are shown. The earliest atrial activation is shown in dark red with subsequent activation in lighter red, orange, yellow, green, etc. This bypass tract was successfully ablated without producing heart block. (See Color Fig. 14-32.)



Atriofascicular bypass tracts are the other variant of preexcitation in which ablative techniques have been useful. While initially many of these were felt to be originating in the node, it is clear that the vast majority of these pathways originate in the anterolateral right atrial tricuspid annulus and act as a secondary conducting system inserting into the distal right bundle branch. While insertion into the myocardium adjacent to the right bundle branch is possible in some cases, the presence of a retrograde VH interval of less than 25 msec suggests a direct insertion into the right bundle branch itself. These patients suffer from wide complex tachycardias with a left bundle branch block morphology and usually leftward axis. While much has been made of the precordial transition point in these tachycardias, it should not be any different from left bundle branch block of any cause, during which ventricular activation proceeds only over the right bundle branch. Direct recordings of this pathway at the anterolateral tricuspid annulus look like a typical A–V junctional recording with an atrial deflection, a sharp spike, and a ventricular deflection. The sharp spike is believed to represent the Mahaim fiber, and may indeed represent an equivalent to a His potential in an auxillary conducting system. This bypass tract can be traced along the free wall of the right ventricle to insert into the right bundle branch. Details of the mapping techniques used to prove the presence of an atriofascicular bypass tract were given in Chapter 10. The approach to this bypass tract is via the inferior vena cava and may or may not require a sheath for catheter stability. Most of these bypass tracts can be located along the lateral tricuspid annulus from which the atrial and “Mahaim” potential can be recorded. Catheter positions are shown in Figure 14-33. These bypass tracts are all susceptible to mechanical interruption of conduction and some have used this to guide ablative therapy. When gentle catheter positioning is used, ablation at the lateral tricuspid annulus often gives rise to an accelerated rhythm with a left bundle branch morphology and a retrograde His activation prior to successful ablation ( Fig. 14-34). This is analagous to accelerated junctional rhythm observed during A–V nodal modification for A–V nodal reentry (see subsequent section on A–V nodal tachycardia).



FIG. 14-33. Catheter position for ablation of an atriofascicular bypass tract. RAO and LAO projections are shown with the ablation catheter at 10 o'clock on the tricuspid annulus. This is the usual site for the atrial insertion of the atriofascicular bypass tract. See text for discussion.



FIG. 14-34. Catheter ablation of an atriofascicular bypass tract. During sinus rhythm, a retrograde His bundle potential is seen with an H–V interval of 0. During RF application an accelerated rhythm from the atriofascicular bypass tract appears, which is manifested at an accelerated rhythm with the same morphology as the preexcited rhythm but without an atrial deflection preceding it, yet with a fixed retrograde His preceding it. This then slows and is followed abruptly by loss of preexcitation and normalization of the QRS with normal AH and H–V intervals. Note the negative T wave in lead V 1, which is due to cardiac memory.



Complications of Procedures A variety of studies have evaluated procedure-related complications. It is clear that complications are higher in older patients, but are not insignificant in all patients. In the Multicenter European Radiofrequency Survey (MERFS) death occurred in 0.13%, embolic stroke in 0.49% (most of which were reversible), myocardial perforation with pericardial tamponade requiring drainage in nearly 0.8%, complete heart block in 0.6%, arterial or venous thrombosis in 0.36%, and pulmonary embolism in 0.09% (107). A total of 4.4% complication rate was reported. While this seems high I believe it is probably an underestimate since this was a voluntary registry, which is subject to marked bias. With greater experience complication rates go down but still exist. In our own laboratory, we have had no deaths or strokes. We have had four cases of tamponade, all of which were caused by perforation of the right ventricular pacing catheter, and one arterial-venous fistula. While we routinely use heparin for all ablations, activated clotting times (ACTs) are only followed for left-sided ablations in which they are maintained at 250–300 seconds. Of note, a recent report by Zhou et al. ( 108) from the Massachusetts General Hospital suggests that heparinization alone may be inadequate to prevent thromboembolism. The development and use of other energy sources, which are less thrombogenic, such as cryoablation, cool tip radiofrequency ablation, and use of direct antithrombin or antiplatelets agents will hopefully decrease this risk. In our laboratory, all patients are routinely heparinized during the acute study, but not following these studies. Ablations on the right side of the heart receive a bolus of 2500 units of heparin and an infusion of 1000 units per hour. When the left side of the heart is entered for ablation (either transeptally or retrogradely) a 5000 unit bolus is given, followed by a 1000 unit per hour infusion adjusted to maintain an ACT of 250 sec. Following this procedure, heparin is discontinued. In patients who have had left-sided ablations, aspirin is administered for 3 months. We have not observed evidence of systemic or pulmonary emboli during or following the procedures. Another feature that may help decrease our embolic rate is the abrupt cessation of delivery of RF energy if there is an impedance rise at all. This is universally associated with coagulum formation at the tip of the catheter with the potential for embolic phenomenon. Another finding associated with coagulum formation is loss of power (


FIG. 14-35. Twelve-lead ECG following optimal DC His ablation. A narrow QRS complex with complete A–V block is shown. Note the reasonable escape rate.



FIG. 14-36. Escape rhythm with RBBB following DC ablation of the A–V junction. If DC ablation is performed too distally, an REBB frequently develops. This is most likely a fascicular rhythm because of the relatively “narrow” QRS. Note the presence of left axis deviation. See text for discussion.



Radiofrequency ablation has become the dominant mode of achieving A–V block. This technique does not require general anesthesia, and one can more precisely achieve A–V nodal block with it. The method I generally use to achieve A–V nodal block requires that I have a His bundle catheter in place. I then position the ablation catheter 2 cm below the His bundle recording electrode so that it approximates the region between the third and fourth poles of a quadripolar catheter with a 5 mm intraelectrode distance used for His bundle recording ( Fig. 14-37). At this site, a very small His deflection may be recorded in approximately half the cases. Using temperature control catheters a target temperature of 65°C is used and with nontemperature control catheters, any energy producing a 10 ohm decrease in impedance is accepted. Sometimes block appears almost immediately and at other times it takes several lesions to produce block. Typically, when one is at a good site to ablate, a junctional rhythm is induced with delivery of RF energy. Occasionally, following the development of complete heart block transient resumption of A–V conduction can be observed, which is subsequently followed by late heart block. The recognition of a potential for late development of A–V block after early resumption of a conduction following ablation-induced transient A–V block, mandates use of a pacemaker in whom transient A–V block is produced. We arbitrarily use 3–5 minutes of complete A–V block as a time frame for requirement of a permanent pacemaker. Patients who are most difficult to ablate are those with longstanding heart failure, hypertension, or other disorders in which atrial enlargement or hypertrophy are noted. On occasion, one has to ablate the His bundle either on the right side, or even on rare occasion on the left side to achieve A–V block. Our success rate in achieving A–V nodal block specifically is 80% to 85%. The vast majority of these patients maintain an escaped rhythm in follow-up. An example of a patient with a cardiomyopathy and uncontrolled atrial fibrillation who underwent A–V nodal ablation is shown in Figure 14-38. In the 1998 NASPE Registry (100) the acute success rate for achieving complete heart block was 97.6% with only a 3% risk of recurrence of A–V conduction. Randomized comparisons of ablation versus medical therapy for rate control demonstrate better rate control improvement in left ventricular function, and improved quality of life with ablation ( 114,115 and 116).



FIG. 14-37. Appropriate catheter position for the production of A–V nodal block. In the RAO projection, the ablation catheter is moved just subjacent to the proximal poles of the His bundle catheter. A small His deflection may or may not be seen in this position at which site block when produced is almost always in the A–V node with a good junctional escape rhythm.



FIG. 14-38. Demonstration of radiofrequency-induced A–V block to control ventricular response and atrial fibrillation. Atrial fibrillation with a rapid response is present in the patient with cardiomyopathy despite beta-blockers and digoxin. Radiofrequency ablation with the catheter positioned as shown in Fig. 14-37 produced A–V nodal block almost immediately with a good junctional escape. VV 1 pacing at a rate of 60 (junctional rate 50) takes over on the right-hand side of the tracing.



Because the requirement for a pacemaker, which is considered a down side of A–V nodal ablation by some, several groups attempted to develop a strategy of A–V nodal modification to reduce the rate response during atrial fibrillation without producing heart block ( 117,118). This procedure is a hit and miss attempt to injure the A–V node without producing A–V block. There are several down sides to this approach. First, it is only applicable to patients who do not have symptoms due to an irregular heart rhythm. Second, at least 25% of the patients in whom it is attempted develop inadvertant complete A–V block. Third, its long-term success is uncertain



(119). Fourth, an irregular rhythm may be hemodynamically less efficient than a regular rhythm. As such, it is our approach to attempt to achieve complete A–V nodal block. Implantation of a pacemaker in fact is well received by most of our patients. The clinical response has been so good that many elderly patients prefer this approach so that they don't have to remember to take a variety of pills to ineffectively control their rate. There has been interest on the part of some investigators in the use of intracoronary-delivered ethanol to produce A–V block within the A–V node ( 120,121 and 122). While A–V nodal block is rapidly produced with a narrow QRS escape rhythm, infarction may result due to the backwash of the ethanol into the larger coronary vessels. The long-term safety of this procedure is unknown. Moreover, the resumption of A–V conduction in 30% of patients has been reported ( 121). This should not be surprising since total occlusion of the right coronary artery can produce A–V nodal block, which is reversible. At this date, I do not believe that catheterization of the A–V nodal artery and delivery of ethanol is warranted, since complete A–V block can be achieved with RF delivery in almost 100% of patients. In the small percentage of patients in whom standard RF ablation techniques cannot be used, attempts at ablation via the left side or a repeated attempt by a second center is more prudent than sending a patient for ethanol ablation or surgical ablation. Catheter Ablation Techniques to Treat A–V Nodal Tachycardia A–V nodal reentrant tachycardia is the most common form of supraventricular tachycardia, being responsible for more than half the cases. The exact pathophysiological substrate for A–V nodal reentrant tachycardia is still uncertain and remains under appropriate active investigation. My own personal research of the interpretation of the data concerning the pathophysiology of A–V nodal reentry is detailed in Chapter 7. Basically a few points should be made that are generally agreed upon. First, there are no anatomic specific pathways that have been described that correlate with the fast and slow A–V nodal pathways. Second, slow pathway potentials as described by Jackman et al. ( 123) and Haissaguerre et al. ( 124) are nonspecific electrograms that may be found in all individuals and represent composite electrograms of superficial and deep atrial and/or nodal tissues that can be found in the midtriangle of Koch ( 125). This is schematically shown in Figure 14-39. Third, although A–V nodal reentry with short retrograde conduction times (typical A–V nodal reentry) has the earliest retrograde atrial activation recorded near the apex of the triangle of Koch and the uncommon variety of A–V nodal reentry (so called fast-slow A–V nodal reentry) has its earliest atrial activation recorded at the base of the triangle of Koch or coronary sinus, many exceptions are present. More importantly, detailed mapping of the entire triangle of Koch and the coronary sinus shows multiple breakthroughs of activation during AV nodal reentrant tachycardia (see Chapter 8). Fourth, I believe use of slow-slow, fast-slow, and slow-fast A–V nodal reentry (with the terms “fast” and “slow” defined by apical or basal breakthroughs of activation) to be confusing. As such, the concept of identifying early breakthroughs of activating during A–V nodal reentry for ventricular pacing and using them to guide ablation makes no sense. I believe that we as electrophysiologists have been ablating this arrhythmia without precise knowledge of the pathophysiologic substrate for the arrhythmia and have been lucky with the good outcomes that have resulted from ablation. For example, in our laboratory the pattern of retrograde atrial activation has not at all influenced our ablation methods, and our success rates, which exceed 97%, are no different than those of other laboratories in which alleged directed attention to specific electrograms has been used. In my opinion this just testifies as to how ignorant we are about the true nature of A–V nodal tachycardia. That being said, current catheter-based techniques to modify the A–V node and cure A–V nodal reentry are highly successful.



FIG. 14-39. Location of “slow pathway” potentials. A schema of the triangle of Koch is shown. Hatched areas are those over which multicomponent potentials that are believed by some to represent slow pathway potentials are seen. TT = tendon of Todaro; CS = coronary sinus; MS = membraneous system.



Initially high-energy DC shocks were used to modify the A–V node. This form of energy has totally been replaced by the use of radiofrequency energy sources (81,82,83,84 and 85,123,124,125,126,127,128 and 129). Ablation at the apex of the triangle of Koch in the region where earliest atrial activation over the “fast” pathway was said to occur was highly successful (greater than 90%) but was associated with an unacceptably high incidence of development of A–V block of nearly 10%. Even with successful ablation there was lengthening of the PR interval and block and retrograde conduction ( Fig. 14-40). This led many investigators to conclude that ablation in this region selectively destroys the fast pathway. However, if only fast pathway conduction is effected by ablation, one must explain the absence of retrograde conduction of the slow pathway. The fact that antegrade fast pathway conduction is present but slower, and the absence of V–A conduction, suggests the possibility that the area in which the fast and slow pathway are joined distally and that part of the lower final common pathway were involved in the ablation injury. This could account for failure of retrograde fast pathway conduction in the presence of even slower antegrade slow pathway conduction (i.e., absence of A–V nodal tachycardia episodes). Although approximately 50% of the patients with successful ablation at this site demonstrate absence of dual pathways, in occasional cases, dual A–V nodal pathways are still present, and in some V–A conduction remains intact, albeit impaired. An example of “retrograde fast pathway” ablation is shown in Figure 14-41. In an attempt to decrease the incidence of A–V block some investigators suggested using lower energies or radiofrequency energy with the immediate cessation on appearance of PR prolongation. Another marker for impending heart block was the development of very rapid accelerated junctional rhythms associated with loss of retrograde conduction. Both of these phenomena are a good sign of im-pending A–V block should application of energy continue.



FIG. 14-40. Modification of “fast pathway” with radiofrequency energy to “cure” typical A–V nodal reentry. A. Three panels are shown during sinus rhythm in a patient with typical A–V nodal reentry. Left. The control AH is 116 msec. Following 10 sec of RF energy using 15 watts, the AH increases to 168 msec without significant change in H–V. Following 30 sec of 20 watts, the AH remains at = 170 msec. B. V–A conduction is shown during pacing at 650 msec in the control state and following delivery of RF energy. Good V–A conduction was present in control (not shown). V–A conduction prolongs to 204 msec following 10 sec of 15 watts ( top), and V–A block is produced following 30 sec at 20 watts ( bottom). PCL = paced cycle length.



FIG. 14-41. A. Retrograde fast-pathway ablation by radiofrequency energy during A–V nodal reentry . A–V nodal reentrant tachycardia (AVNRT) is present for the first four complexes. Radiofrequency energy is delivered, resulting in block of conduction in the retrograde fast pathway ( arrow). Sinus rhythm resumes following four complexes of an atrial tachycardia. B. Effect of successful radiofrequency ablation of “fastpathway” on A–V nodal response to atrial extrastimuli. The response of AH (vertical axis) to atrial extrastimuli (horizontal axis) pre-RF and post-RF ABL is shown. Before ABL, typical dual A–V pathways and reentry are shown. Following RF ABL of the retrograde “fast” pathway, dual A–V nodal pathways persist. Conduction time and refractoriness of both fast and slow pathways are increased, and no A–V nodal reentry was observed. See text for discussion. A–VN = A–V nodal.



In an attempt to decrease the likelihood of A–V block during A–V nodal modification Roman et al. ( 129) have suggested ablation of the “slow pathway,” which he and his colleagues believe is adjacent to the coronary sinus near the tricuspid valve. Radiofrequency energy delivered at this site can prevent A–V nodal reentry without producing antegrade heart block or producing impairment of block of retrograde conduction. They interpreted these results to mean that successful ablation is achieved by selectively blocking the so-called slow pathway. An example of ablation of antegrade “slow pathway” is shown in Figure 14-42. As noted above, retrograde conduction is usually unimpaired, even if the antegrade slow pathway is ablated ( Fig. 14-43). In approximately 40% of cases, dual pathways are still present post ablation, but sustained A–V nodal reentry cannot be induced. Single A–V nodal echo complexes are observed in three-fourths of the patients with dual pathways, with block always occurring antegradely in the “slow pathway.” Successful ablation is associated with a slightly accelerated junctional rhythm with intact 1:1 retrograde conduction (Fig. 14-44). PR prolongation is generally not noted. However, on occasion we have seen patients in whom ablation in this inferior part of the triangle of Koch has lost retrograde (V–A) conduction, and they have demonstrated absence of retrograde conduction over the fast pathway with maintenance of dual A–V nodal pathways antegradely. We have occasionally noted development of transient complete heart block with ablation at the inferior portion of the triangle of Koch, at the level of the OS of the coronary sinus. One such patient developed block in the lower final common pathway with persistence of A–V nodal tachycardia during the first delivery of RF energy. Retrograde fast pathway block followed the second application of RF energy ( Fig. 14-45). In general, higher radiofrequency energies can be delivered in the region of the so-called “slow” pathway without fear of producing A–V block. Unfortunately, exceptions are not rare. We have encountered the least transient block of the retrograde fast pathway in 20% to 30% of cases in which radiofrequency energy was delivered between the OS of the coronary sinus at its superior aspect and the tricuspid valve. The reason for this is uncertain. As described in Chapter 8, detailed mapping of the triangle of Koch and coronary sinus has revealed heterogenous atrial activation during A–V nodal reentry ( Fig. 14-46) (130). These data are consistent with experimental studies using hundreds of simultaneous recording sites ( 130a) and intraoperative mapping in humans ( 130b) which fails to demonstrate reentrant excitation. A number of patients were noted to have nearly simultaneous activation of the apex and base of the triangle of Koch (the so-called slow pathway region) as well as additional breakthroughs in the coronary sinus. Patients in whom such activation patterns are noted appear to be at higher risk for the development of transient and/or permanent A–V block. As such, we always carefully map the apex and base of the triangle of Koch and coronary sinus. If atrial activation at the apex and base of the triangle of Koch occur within 5 msec of one another, we use temperatures initially set at 55°C beginning at the inferior border of the coronary sinus OS at the tricuspid annulus. During the accelerated junctional rhythm at such sites atrial pacing is often performed to assure maintenance of 1:1 antegrade conduction. The optimal response to radiofrequency ablation should be loss of conduction over the slow pathway, an increase in Wenckebach cycle length, an increase in the effective refractory and functional refractory period of the A–V node, no effect or shortening of the A-1+ interval in sinus rhythm, and preservation without change in retrograde conduction. The mechanism of producing junctional rhythms is unclear. While some believe this is due to thermal injury of the “slow” pathway, studies in our laboratory (131) suggest that this may be produced by either uncoupling of the superficial atrium from the underlying transitional cells or A–V node, and/or nonspecific heating of the subatrial transitional nodal cells, which in both instances can result in automatic firing. Change in detailed retrograde activation during junctional rhythms when compared to A–V nodal reentry is more consistent with the latter hypothesis. An example of subtle but definite qualitative and quantitative changes in retrograde conduction during junctional rhythm as compared to atrial activation during A–V nodal tachycardia is seen in Figure 14-47. A schema of these two hypotheses is shown in Figure 14-48.



FIG. 14-42. Recording from site targeted for “slow pathway” ablation. Five surface leads are shown with HBE and CS recordings. The ablation catheter is positioned at a site targeted for slow pathway ablation (SPD and SSP). Note the ablation site (SPD) demonstrates a low amplitude slow componant followed by a high-frequency component, both of which occur significantly later than atrial activity in the HBE. The A/V ratio at this site is 0.2.



FIG. 14-43. A. Anterograde “slow-pathway” ablation during SVT. ECG lead II and V 1 and electrograms from the RAA are shown. During typical AVNRT SVT, RF energy slows, then terminates SVT by block in the slow pathway. B. Retrograde conduction following ablation of the “slow pathway.” Retrograde conduction in response to VPCs is slow. Conduction times are plotted on the vertical axis, and coupling intervals of VPCs are on the horizontal axis. Note the constant H–A interval with parallel VH and V–A curves—a normal response.



FIG. 14-44. Junctional rhythm associated with successful RF application. The site of ablation is shown in sinus rhythm on the left. Note the “late” local atrial electrogram at the SP. RF energy applied at this site produces an accelerated junctional rhythm (right).



FIG. 14-45. Radiofrequency ablation of fast pathway from region of coronary sinus. A. During A–V nodal reentry RF ablation to area between the CS and tricuspid valve produces block in lower final common pathway; inverted P waves continue for first 2 beats ( arrows). This is followed by sinus rhythm and A–V block. B. After resumption of conduction, A–V nodal reentry was induced. Repeat RF ablation at 10 watts produces block in retrograde fast pathway followed by sinus rhythm ( arrow marks sinus capture). See text for discussion.



FIG. 14-46. Heterogeneous activation of the triangle of Koch and coronary sinus in AVNRT. Electroanatomic mapping of AVNRT is shown in a tilted LAO (top) and posterior (bottom) view. Some of the wall has been removed to allow visualization of the triangle of Koch. This is an isochronal map with 3 msec isochrones from red (earliest) to purple (latest). The entire triangle of Koch is activated nearly simultaneously ( white arrows). An additional early breakthrough is seen in the CS ( white arrow). The His, CS OS and tricuspid valve (TV) are marked. No evidence of reentrant excitation is seen. (See Color Fig. 14-46.)



FIG. 14-47. Subtle differences in atrial activation during AVNRT and junctional. AVNRT on the left and junctional rhythm on the right demonstrate subtly different qualitative and quantitative atrial activation patterns. (See text and Chap. 7.)



FIG. 14-48. Proposed mechanism for junctional rhythm during RF ablation. The conventional hypothesis (left) suggests that the slow pathway is stimulated, producing the identical activation pattern as AVNRT. Our hypothesis is that the tissue ablated is both stimulated and uncoupled (atrium from the transitional cells, and possibly the posterior extension of the compact A–V node) to produce a variable pattern of atrial activation. See Chap. 7 for detailed discussion.



Two methods have been suggested to guide ablation of the slow pathway. Roman et al. ( 129) and Jackman et al. (123) suggest that certain characteristics of the electrogram recorded between the coronary sinus and tricuspid valve represent slow pathway potentials. These characteristics include electrograms with multicomponents of varying amplitudes and frequency that occur after the local coronary sinus electrogram and atrial electrogram in the His bundle recording site. The initial potential is usually a low frequency hump followed by a higher frequency component that may occur as late as the His bundle. This so-called slow pathway electrogram is associated with a large ventricular complex (A–V ratio of less than 0.3). In my experience, as well as that of others ( 123,125), similar multicomponent low and high amplitude potentials are observed in the vast majority of normal patients without any arrhythmias or dual A–V nodal physiology. In addition, these potentials may be found over a large area in the lower half of the triangle of Koch (see Fig. 14-39). Whether these potentials represent nodal tissue (transitional cells with dead-end pathways), anisotropic conduction through atrial fibers around the coronary sinus or combinations of both is unclear. Additional types of slow pathway potentials have been described by Haissaguerre et al. ( 124). These electrograms are low amplitude potentials, which exhibit decremental conduction and are believed to represent nodal cells. As with the potentials described by Jackman et al. these potentials are also found in patients without A–V nodal tachycardia or dual pathway



physiology. In both instances experimental work has demonstrated that these types of “slow pathway potentials” are actually composite electrograms reflecting electrical activity both near and distant, from different tissues. As such they do not represent any specific pathophysiologic substrate but merely an anatomic site in which these tissues overlie one another. The second method that has been more widely employed is an anatomic approach in which there is a stepwise positioning of the ablation catheter from low in the triangle of Koch to more superior areas. This approach, popularized by Jazayeri et al. ( 126) is a more widely applied approach. The catheter is first placed at the base of the triangle of Koch at the level of the inferior portion of the OS of the coronary sinus with the tip at the tricuspid annulus to record a large ventricular electrogram and a small atrial electrogram. Radiofrequency energy is delivered, and if no junctional rhythm is produced the catheter is moved superiorly by a few mm. Repeated delivery of RF energy is applied until an accelerated junctional rhythm is noted. RF energy is maintained for approximately one minute, after which actual stimulation is performed to assess the effect of ablation. The most successful sites of ablation are just at the anterior aspect of the OS of the coronary sinus at the tricuspid valve. Approximately one-third of patients require ablation superior to the OS. These would be considered midseptal sites. Care must be taken to assure that the distal ablation pair is recording a very large ventricular electrogram with only a small atrial electrogram. Delivery of energy to a more posterior postion electrogram in which the atrial electrogram has an equal amplitude to the ventricular electrogram may result in A–V block. In our laboratory we use a combination of approaches. We generally start with an ablation lesion delivered at the superior level of the CS of the coronary sinus adjacent to the tricuspid valve where a multicomponent delayed atrial electrogram is observed. RF energy is delivered with a tolerated temperature of 60° to 65°C. The development of a rapid junctional rhythm or loss of retrograde conduction, or increase in the PR interval of conducted beats mandates immediate cessation of RF delivery. Using this technique we have had a success rate of 220 out of 224 consecutive cases, and only one incidence of complete A–V block. Block occurred almost instantly when energy was delivered at the level of the CS at the tricuspid valve. Such events are humbling and make one realize how little we know about the A–V junction. In occasional patients earliest retrograde atrial activation is in the CS with later activation in the slow pathway region or the apex of the triangle of Koch. We have seen 14 such examples in 224 consecutive patients. In all of our cases successful ablation has been accomplished with the standard approach described above. Others, however, have noted occasional incidences in which ablation in the coronary sinus or even the left side of the heart may be necessary. The mechanism by which ablation works in these cases is unclear. Anatomically one must remember the A–V node subepicardial cardiac structure lying between the two atria just anterior to the CS OS. It is not surprising therefore that ablation in the CS OS can injure the A–V node itself and terminate A–V nodal tachycardia. Earlier experience in the surgery of posteroseptal bypass tracts clearly demonstrated that cryothermal lesions underneath the coronary sinus toward the apex of the triangle of Koch could produce heart block. How ablation works to “cure” A–V nodal reentry is not clear. While a few postmortem studies of patients in whom A–V nodal ablations had been performed have demonstrated intact compact nodes, the amount of injury to the transitional cells, injury but not death to the contact node, and effect of uncoupling of superficial atrial fibers from the subjacent compact nodal transitional cells is not understood. The lack of an absolute relationship for radiofrequency-induced block of the “fast” or “slow” pathways to the site of RF application supports this notion. The relationship of ablation of “fast” and “slow” pathway to the site of delivery of RF in our first 300 cases of ablation for A–V nodal reentrant SVT is shown in Figure 14-49. Since then we have seen two “slow” pathway blocks produced by lesions delivered at the apex of the triangle of Koch. Both had prior ablations at other institutions. No discrete anatomic pathways have ever been described. Nonspecific effects altering summation and inhibition of A–V nodal conduction as well as the anisotropy of the compact node and transitional cells are probable contributing factors to the successful ablation of A–V nodal tachycardia. The persistence of dual A–V nodal pathways in 40% of patients who remain free of clinical arrhythmias suggests an alteration in the functional capabilities of the circuit to perpetuate themselves, perhaps related to change in the size of the potential reentrant circuit (e.g., smaller) such that a greater (steeper) curvature is needed to turn around in the smaller space, which results in the failure of conduction.



FIG. 14-49. Relation of site of ablation to block in “fast” or “slow” pathway. The triangle of Koch is schematically shown as in Fig. 14-39. Three regions are shown with the results of RF ablation at these sites There is overlap in site of RF application and resultant A–V nodal conduction. See text for discussion.



I do not think the results of ablation provide any clue in helping to resolve the issue of whether or not some part of the atrium is required for A–V nodal reentry. Clearly, in the vast majority of, if not in all, cases, successful ablation is associated with a change in A–V nodal conduction of one form or another. In addition, successful ablation almost always is associated with the induction of junctional rhythms and not ectopic atrial rhythms. Most A–V nodal conduction curves following A–V nodal modification demonstrate an upward shift to the right of one or both pathways following successful ablation. Regardless of the site of ablation, dual A–V nodal pathways may still be present, conduction over the fast or slow pathway may be slower, yet no A–V nodal tachycardia results . The overall successful rate of modification of the A–V node to cure A–V nodal reentrant tachycardia can be expected to exceed 95% ( 100). The success rates are similar whether ablation is aimed at the retrograde fast pathway or antegrade slow pathway, or whether this is anatomically guided (i.e., ablating superior or inferior in Koch's triangle) or electrogram-guided. Whether energy is delivered during SVT or sinus rhythm does not appear to influence the results, although it is easier to maintain a stable catheter position in sinus rhythm. The major reason why ablation should be carried out in sinus rhythm and not during SVT is that an unstable catheter position may result in inadvertant A–V block. In summary, the delivery of RF energy to the posterior third of the triangle of Koch has a high efficacy rate of curing A–V nodal tachycardia. The exact mechanism by which this works is uncertain. While accelerated junctional rhythms appear to be necessary to achieve successful ablation, they are not necessarily sufficient. The ideal end points include loss of slow pathway conduction, a prolonged Wenckebach cycle, and persistence of intact antegrade and retrograde conduction. Persistence of dual pathways is seen in 40%. If dual pathways are present with single echo complexes, recurrent clinical A–V nodal reentry is rare. We accept an echo zone associated with dual pathways of 30 msec or less. If dual pathways or single echoes can be produced over a wide range of coupling intervals, we have found that the addition of isoproterenol and/or atropine often induces more sustained A–V nodal tachycardia. As such we usually give additional lesions until an echo zone of 30 msec or less or loss of slow pathway conduction is achieved. In all instances, prior to termination of the study, stimulation is repeated following isoproterenol and/or atropine. Absence of slow pathway conduction or a very narrow window of slow pathway conduction is associated with a recurrence rate of less than 2%. The major complication of RF ablation to cure A–V nodal tachycardia is the development of heart block. The risk of heart block appears to be less than 1% and does not seem to be able to be improved upon no matter how careful the investigator. This I believe relates to our lack of understanding of the true nature of A–V nodal reentry and our inability to “see” exactly where the compact A–V node is. Congenital abnormalities are often associated with displacement of the A–V node, and a forme fruste of these congenital abnormalities (which may go undetected) may be related to inadvertant A–V block. In the absence of complete heart block, prolonged A–V conduction can be produced, which can lead to a pacemaker syndrome or exercise intolerance, should Wenckebach occur at fast rates. Fortunately these complications are extremely rare. Controversy exists as to how to deal with patients who have failed ablations. While some believe that prior slow pathway ablation indicates a high incidence of A–V block should fast pathway ablation be undertaken and vice versa, the data supporting this fear is at best limited. While in most instances repeated ablation in the similar region of a prior failed ablation is sufficient, occasionally one must deliver RF energy at the opposite region—either in the OS of the CS or in the fast pathway region. We have not had any evidence of A–V block in the nearly dozen patients who have been referred to us for failed ablations elsewhere. It is, however, a generally held belief that repeated ablations for A–V nodal tachycardia are associated with a higher risk of A–V block, and patients should be made aware of this. Surgical and Catheter Ablation Techniques to Manage Other Atrial Arrhythmias Atrial arrhythmias that have been ablated either surgically or through the delivery of energy have included atrial tachycardias, atrial flutter, and atrial fibrillation (10,11,12 and 13). Catheter ablation has clearly become the treatment of choice for incessant atrial tachycardia and atrial flutter, for which excellent results can be expected. Atrial fibrillation remains a therapeutic challenge and is the only supraventricular arrhythmia for which surgery remains a reasonable therapeutic option in appropriate candidates. As detailed above, the major use of ablation for atrial fibrillation has been for rate control by ablating the A–V junction. New catheter



procedures discussed below have been developed that can cure or modify this arrhythmia in selected patients. Ablation of Atrial Tachycardia Atrial tachycardias that are incessant and due to abnormal automaticity or triggered activity are most amenable to ablation. Microreentrant atrial tachyarrhythmias are frequently easily managed with a variety of drugs so that ablation is not usually considered. Macroreentrant atrial tachycardias are more like atrial flutter and will be discussed in that subsection. Incessant atrial tachycardias are an important cause of tachycardia-mediated cardiomyopathy. They are also difficult to treat with antiarrhythmic agents. While in the past catheter ablation was used only for rate control, today catheter ablation is used as a curative procedure. These atrial tachycardias can occur from a wide variety of areas in the heart but seem to have the propensity for the crista terminalis, both atrial appendages, the coronary sinus, the regions of the mitral and tricuspid annulae, as well as the pulmonary veins. Why these structures are prone to develop these rhythms is unclear. In my experience, the crista terminalis, the tricuspid annulus, the pulmonary veins, and the left atrial appendage, have been the major sources of arrhythmias. Similar observations have been made by other investigators (132,133,134,135,136,137 and 138). Since the vast majority of incessant atrial tachycardias are focal in origin and due to abnormal automaticity or triggered activity, the goal of mapping is to find the earliest site of activation. It is important to recognize that sedation of these patients might terminate the tachycardia. If the tachycardias are not incessant and are present spontaneously, catecholamine infusion and/or use of theophylline or atropine (in the case of a catechol-mediated trig-gered activity) may be necessary to induce the arrhythmias in order for them to be mapped. The first step in mapping atrial tachycardias is using the electrocardiogram to regionalize the source of the arrhythmia. P waves associated with tachycardias arising in the crista have a right-to-left orientation such that they are positive and broad in leads I and II and positive in the aVL. They are also biphasic in lead V 1. Tachycardias arising in the septum near the OS of the CS have inverted P waves in the inferior leads with positive P waves in aVR and aVL. P waves in tachycardias arising in the left atrial appendage are positive in II, III and aVF with III being more positive than lead II and positive in V 1. These are not too dissimilar from the left superior pulmonary vein P waves, which are positive in II, III, and aVF and upright in V 1. Those tachycardias arising from the right superior pulmonary veins are narrower with positive orientation in II, III, and aVF with II and III being similar and biphasic to slightly positive in lead V 1. They are isoelectric in lead I. In general, P waves associated with tachycardias arising near the septum are narrower than those arising on the right or left free wall. Once seen, the P wave is analyzed and the tachycardia origin regionalized. A systematic approach can then be planned. Most left atrial tachycardias are approached via a transseptal catheterization, which in many laboratories is performed under intracardiac ultrasound guidance. The fossa is at the level of the His bundle catheter and posterior. The amplitude of the voltage of electrograms at the fossa is somewhat lower than the surrounding tissue. The fossa ovalis should be stained with dye prior to its puncture, even if ultrasound is used. During left atrial procedures once the sheath is passed into the left atrium, heparinization is administered to maintain an activated clotting time in excess of 250 sec. A variety of mapping techniques have been utilized to localize focal tachycardia. These include: 1. A simple roving catheter using unipolar and bipolar signals to find the site with the earliest bipolar and unipolar signals. Unipolar signals can be filtered or unfiltered, but the unfiltered signals offer directional information. As stated earlier under mapping of bypass tracts, unipolar recordings from the tip and second pole are critical to assure that the distal pole is recording the earliest activity, since it is the pole through which radiofrequency energy is delivered. Low amplitude early signals followed by a sharper discrete signal may represent an early component of a fragmented electrogram or a far field signal associated with a second, discrete local signal. This is most likely to happen in the superior posterior right atrium where a low amplitude signal preceding a sharper higher frequency signal may actually represent electrical activity generated from the right superior pulmonary vein. This can be suggested if unipolar electrograms are simultaneously recorded. In this instance the unipolar electrogram will demonstrate a sharp negative deflection, which times with the later, high frequency potential, signifying that the earlier potential is a far field signal ( Fig. 14-50). Another clue that this might be the case is if left atrial activation recorded in the CS is earlier than a lateral recording from the right atrium. Coupled with the positive P wave in V 1, a right superior pulmonary vein focus should be suggested.



FIG. 14-50. The role of unipolar recordings in mapping atrial tachycardia. Atrial tachycardia with high-degree block is shown with reference electrograms from the anterior and lateral right atrium and the lateral coronary sinus. The ablation of bipolar electrogram is shown on the bottom. The recorded electrograms precede the P wave by 40 msec. The ablation catheter is located in the superior posterior right atrium. The electrogram is characterized by a low amplitude, slower moving fragmented signal, followed by a high-frequency large amplitude signal. The unipolar recording from the tip shows that the intrinsicoid deflection corresponds to the later high-frequency deflection. The low-frequency deflection is not associated with local activation in the unipolar recording suggesting that it is a far-field electrogram. In this case the site of origin was the right superior pulmonary artery.



2. A second method involves the use of two roving catheters. These catheters are each moved in tandem so that the earliest electrogram is recorded. 3. Simultaneous multisite data acquisition can often help rapidly regionalize and localize the tachycardia origin. This is most commonly done with a basket catheter from which multiple recordings (64) can demonstrate the site at which the tachycardia arises. More detailed mapping, however, is necessary to find the precise site to ablate. This is particularly useful if tachycardia episodes are short-lived and/or cannot be reproducibly initiated by administration of catecholamines. 4. A final and important mapping technique involves pacing at sites of interest. If one is at the site of origin, pacing at this site should demonstrate a similar activation pattern to other sites being recorded in the right and left atrium as during the tachycardia ( 137). As described in Chapter 7 this method suggests that focal activation of the atrium from the site designated to be the site of origin is indeed the site of origin. This form of pace mapping is sometimes referred to as electrogram mapping, but merely is a more precise form of pace mapping (Fig. 14-51).



FIG. 14-51. Use of paced activation mapping to confirm focal atrial tachycardia is occurring at the site from which the earliest map site is recorded. Five surface ECGs



and decapolar catheters from the septum and anterolateral right atrium are shown with electrograms from the ablation catheter. On the right-hand part of the panel, the activation sequence during the tachycardia is seen. Note the tachycardia has a cycle length of 490 msec and the low amplitude signal recorded in the ablation catheter precedes a W-shaped P wave by 35 msec. Pacing at this site at 450 msec (first 3 electrograms in the tracing) demonstrates a P-wave morphology and atrial activation sequence identical to that of the tachycardia. This confirms that the map site was indeed the focus of the atrial tachycardia. See text for discussion.



Most incessant atrial tachycardias can be mapped quite accurately using a single roving catheter and electrogram pace mapping. Regardless of where the site of origin of the tachycardia is, the target site usually shows fragmented electrical activity. An example of an atrial tachycardia arising from the OS of the coronary sinus is shown in Figure 14-52. This long RP tachycardia was proven to be atrial tachycardia by absence of retrograde conduction during ventricular pacing and persistence following adenosine-induced A–V block. The earliest site of atrial activity was at the lip of the coronary sinus and was associated with a multicomponent electrogram. Radiofrequency ablation at that site terminated the tachycardia within four seconds. An example of atrial tachycardia arising from the inferolateral tricuspid annulus is shown in Figure 14-53. Earliest activity was recorded with a low amplitude multicomponent electrogram 25 msec before the P wave. The Carto electrical-anatomic mapping system helped localize this to the tricuspid annulus where a single lesion terminated the arrhythmia ( Fig. 14-53). The W-shaped P wave observed in lead 3 in this patient is typical of P waves associated with tachycardias arising in this region. The electrical-anatomic mapping system is extremely important in preventing inadvertant A–V block while ablating tachycardias arising near the His bundle. A Carto map of a parahissian atrial tachycardia is shown in Figure 14-54. The Carto map clearly delineated the His bundle and allowed for the ablation to be accurately delivered 1 cm superior to the proximal His bundle recording site where nearly instantaneous termination of the arrhythmia occurred. Carto maps of the right atrial tachycardia arising near a scar, just below the superior vena cava are shown in Figure 14-55 and Figure 14-56, and along the mitral annulus in Figure 14-57. The Carto electrical-anatomic mapping system is particularly useful at defining reentrant excitation even in small areas. In Figure 14-58 the Carto system was able to demonstrate a small reentrant circuit near the mitral annulus adjacent to the septum. This tachycardia would have been totally missed had only right atrial mapping been performed. As one can see on the isochronic map in the right atrium, earliest activity (red) occurs in the region of the apex of the triangle of Koch adjacent to the His bundle recording site (orange dots). Ablation at this site may have potentially produced heart block, but not cure the tachycardia that was shown to arise in the left atrium as a small reentrant circuit adjacent to the mitral annulus. Reentrant excitation is shown by arrows as the color spreads from red to orange to yellow to green to blue and then purple adjacent to the initial site of red at the mitral annulus. The burgundy color marks the site of adjacent early and late activity. RF energy adjacent to the mitral annulus on the septum terminated this arrhythmia.



FIG. 14-52. Ablation of atrial tachycardia at the OS of the coronary sinus. Panel A. Atrial tachycardia is present with the earliest activation seen at the OS of the coronary sinus. Note that recordings from a decapolar catheter in the coronary are earlier than the P wave and earlier than recordings from the His bundle catheter in the right atrium. Also note that the site of earliest activation has a markedly fractionated electrogram, typical of sites of earliest activity in atrial tachycardia. This electrogram precedes the P wave by 55 msec. Panel B. Ventricular pacing during this tachycardia shows V–A dissociation confirming that this is an atrial tachycardia. Panel C. Response of the tachycardia to adenosine: 6 mg of adenosine is given and the tachycardia slows minimally but continues with A–V block being present, again confirming the presence of atrial tachycardia. Panel D. Ablation at the site of earliest activation terminates the tachycardia in approximately 4 seconds. This patient who had a tachycardia mediated cardiomyopathy demonstrated normalization of ventricular function within 3 months of the ablation.



FIG. 14-53. Role of electroanatomic mapping to guide ablation of focal tachycardia. Panel A. Atrial tachycardia is present. Note the morphology of the P wave has a W-like configuration. The earliest activation was shown to be recorded in the inferolateral right atrium at the tricuspid annulus. Panel B. Electroanatomical mapping of the atrial tachycardia shown on top reveals earliest activation at the lateral tricuspid annulus. There is sequential spread to the rest of the atrium. Ablation at the earliest site (red-brown dot) at which the white arrow is pointed, was successful. (See Color Fig. 14-53.)



FIG. 14-54. Use of electroanatomic mapping to prevent inadvertent heart block during ablation of an atrial tachycardia, just adjacent to the His bundle. On top (A) is an electroanatomic map in a patient with atrial tachycardia occurring 5 mm superior to the His bundle. The site of earliest activation is denoted by the white arrow and brown dot. The site of the His bundle is shown by the orange dot and a long white arrow. 3 msec isochrones are shown in this tracing. The catheter was able to be positioned above the His bundle safely and RF energy delivered at this site ( panel B on the bottom). Application of RF energy at this site immediately terminated the tachycardia. (See Color Fig. 14-54.)



FIG. 14-55. Scar-related atrial tachycardia from the superior and posterolateral right atrium. Electroanatomic mapping of an atrial tachycardia is shown in this figure. Scar is shown in gray and bright red is the site of earliest atrial activation. The red-brown dots toward which the arrow points are the site of success. (See Color Fig. 14-55.)



FIG. 14-56. Analog recordings and fluoroscopic images of catheter and ablation site shown in Fig. 14-55. Analog records show fractionated earliest site 35 msec prior to the P wave. Flouroscopic images of catheter position are shown on the bottom.



FIG. 14-57. Electroanatomic map of focal atrial tachycardia just above the mitral annulus. Electroanatomic mapping of an atrial tachycardia is shown with earliest activation in red and latest activation in purple at 5 msec isochronal steps. Note that the right atrium is late and it is activated in blues and purples. The earliest site of atrial activation ( white arrow) is shown just superior to the mitral annulus in red and was a site at which a single RF application ablated the tachycardia. (See Color Fig. 14-57.)



FIG. 14-58. Electroanatomic mapping demonstrating small left atrial reentrant tachycardia. The mapping of both the right and left atrium and 5 msec isochronal steps is shown in this figure. Earliest activation is seen in red, latest activation is seen in purple. The point at which earliest and latest activation meet is shown in dark burgundy. The arrows demonstrate reentrant excitation in this small area above the mitral annulus. A single lesion between the burgundy area and the mitral annulus terminated the tachycardia and prevented its reinitiation. If only right atrial activation were used, a focal tachycardia on the septum might have been suggested, leading to failed RF application and a potential for heart block. (See Color Fig. 14-58.)



The success rate for ablation of atrial tachycardia is highly variable and depends on the expertise of the investigator and the cause of the atrial arrhythmia. When atrial tachycardias are present incessantly the success rate approaches 90%, although there is a recurrence rate as high as 25% ( 132,133,134,135,136,137 and 138). The NASPE 1998 registry reports a success rate of 70% and a complication rate of 3% ( 100). These success rates do not truly reflect the difficulty of atrial tachycardia ablation. Since these arrhythmias may not be reliably present at the time of the electrophysiology study, a true success rate on an intention to treat bases cannot be determined. Clearly it would be lower than the 90% or more success rate of persistent tachycardias. Thus, the mechanism of the arrhythmia also influences outcome (139). In patients in whom ablation fails and pharmacologic therapy cannot be appropriately applied, two potential therapeutic options are available. One is to ablate the A–V junction and implant a pacemaker. The other is to surgically resect or isolate the tachycardia. Success of surgery depends on being able to map the tachycardia at the time of surgery. In the absence of doing this, procedures such as a left atrial isolation can be performed if the tachycardia is localized to the specific atrium ( Fig. 14-59). We have operated on a patient with a tumor-related right atrial tachycardia that was mapped to the limbus of the fossa ovalis in the laboratory in the preablation era. This tachycardia could not be induced in the operating room, but mapping of isolated frequent APCs induced by catecholamines provided enough information to localize the rhythm and ablate it ( Fig. 14-60). Tachycardias that cannot be ablated and that have been shown to arise in the left or right atrial appendage can be cured by appendagectomy This is certainly a smaller procedure than isolation of the left atrium and will probably be able to be performed through a minithoracotomy or thorascopy as long as the tachycardia has been mapped to the tip of the left atrial appendage.



FIG. 14-59. Isolation of atrium to manage atrial tachycardia. Recordings, from the top down, are surface ECG leads I to III, V 1, bipolar catheter recordings of the right atrium (RA) and the His bundle, and a bipolar recording obtained by permanent electrodes sutured to the left atrial appendage (LA). The right and left atria are dissociated. Right atrial activity proceeds from the catheter positioned in the high RA to the atrial septum as recorded on the His bundle catheter, followed by conduction to the ventricle. An irregular left atrial tachycardia is present, which fails to propagate to either the right atrium or to the ventricles. (From: Gallagher JJ, Cox JL, German LD, Kasell JH. Nonpharmacologic treatment of supraventricular tachycardia. In: Josephson MD, Wellens HJJ, eds. Tachycardias: mechanisms, diagnosis, treatment. Philadelphia: Lea & Febiger, 1984:271.)



FIG. 14-60. Surgical cure of right atrial tachycardia. A. The 12-lead ECG of atrial tachycardia. B. Selective sites from the preoperative catheter map. C. Intraoperative epicardial and septal map. Earliest activity was from the posterior tip of the fossa ovalis (FO). AAT = automatic atrial tachycardia; MLRA = mid-lateral right atrium; RIPV = right inferior pulmonary vein.



Ablation of Atrial Flutter and Other Macroreentrant Atrial Arrhythmias Typical atrial flutters are macroreentrant circuits involving the right atrium and may rotate in a clockwise or counterclockwise fashion ( 132,133,138,140,141). The circuit has the tricuspid annulus as its anterior boundary with posterior boundaries being the coronary sinus inferior vena cava, crista terminalis and fossa ovalis (138,140,141,142,143 and 144). These boundaries are obviously a combination of anatomic structures and the functional consequences of propagation through those structures. Because typical flutters must proceed through an isthmus provided by the tricuspid annulus, coronary sinus, and inferior vena cava, these flutters are now more appropriately termed “isthmus-dependent” flutter. Other macroreentrant circuits in either the right or left atrium are considered atypical flutters. The vast majority of clinically encountered atrial flutters are isthmus-dependent flutters. These isthmus-dependent flutters frequently coexist with atrial fibrillation. As described in detail in Chapter 9, isthmus-dependent flutter can circulate around the triscupid valve in a clockwise or counterclockwise fashion ( Fig. 14-61). Although typical electrocardiographic patterns have been described for isthmus-dependent flutter, these ECG characteristics are not always present. We have recently reviewed 200 consecutive cases of isthmus-dependent flutter in which the distal and/or proximal coronary sinus activation was recorded along with right atrial activation. Counterclockwise flutter (the more common variety) may be characterized by pure negative deflections in the inferior leads, negative followed by positive deflections that are approximately of equal size, or a small negative deflection followed by a positive deflection of greater amplitude. These three varieties coexist with tall positive P waves, smaller positive P waves, or biphasic P waves in V 1, respectively. The degree to which positivity in the inferior leads is present appears to be related to the coexistance of heart disease and an enlarged left atrium. It is therefore apparent that propagation of atrial flutter to and through the left atrium is a major determinant of the flutter-wave morphology. This may lead to misleading and confusing interpretations of the electrocardiogram. Counterclockwise flutter can be mistaken for clockwise flutter, which generally has positive deflections in the inferior leads. The major difference is that in counterclockwise, isthmus-dependent flutter there is always a negative deflection that precedes the positive deflection. With clockwise flutter, there is a notching of the positive deflection in the middle of the flutter wave. Thus, despite the fact that isthmus-dependent flutter is a right atrial phenomenon, propagation to and through the left atrium determines its electrocardiographic appearance. As described in detail in Chapter 9, proof that one is dealing with isthmus-dependent flutter involves the use of pacing techniques to demonstrate the mechanism of the flutter. When pacing from components of the flutter circuit, the return cycle equals the flutter cycle length and the wavefront of activation to the flutter circuit is the same as that during flutter except for whatever intracardiac fusion might be seen. Pacing from the isthmus shows no fusion of intra-atrial recordings because collision of wavefronts occurs within this slowly conducting, protected region of the circuit. Thus pacing from the isthmus shows a return cycle equal to the flutter cycle length, a paced atrial morphology equal to the flutter morphology, and a stimulus to coronary OS electrogram equal to the spontaneous electrogram recorded by the pacing catheter and the coronary sinus electrogram during flutter. Entrainment from sites inside and outside the circuit are discussed in Chapter 9.



FIG. 14-61. Electroanatomic mapping of isthmus-dependent flutter. As described in Chapter 9, isthmus-dependent flutter can circulate around the triscuspid valve in a clockwise or counterclockwise direction as seen in the left anterior view. These two distinct patterns of activation are shown in the electroanatomic maps in this tracing. Activation proceeds from red to orange to yellow to green to a variety of blues to purple. The joining of the latest site with the earliest site is shown in dark burgundy. These activation maps are made in approximately 5 msec isochrones and clearly demonstrate the two types of rotation around the tricuspid annulus. (See Color Fig. 14-61.)



The Carto electroanatomic mapping system has been extremely useful for ablating flutter. An example of counterclockwise flutter and the ablation lines needed to cure flutter are shown in Figure 14-62. The Carto system allows one to rotate the heart to see the tricuspid-inferior vena cava isthmus and allows one to place RF lesions in a linear fashion between the tricuspid valve and inferior vena cava. We usually perform ablation during flutter. Invariably flutter is terminated during



application of a critical lesion at the site of the ablation catheter ( Fig. 14-63). Since termination of the flutter doesn't necessarily mean that the line is complete, continued ablation under electroanatomic guidance is performed. It may be performed while pacing from the coronary sinus. When true block has not been accomplished across the isthmus, pacing in the CS will demonstrate opposite wavefronts coliding in the lateral right atrium with one wavefront going clockwise through the unblocked isthmus and another wavefront going counterclockwise around the crista terminalis. This is what is seen prior to ablation ( Fig. 14-64). When ablation of the tricuspid annulus is complete, clockwise propagation through the isthmus is not possible and the entire tricuspid annulus is activated in a counterclockwise direction (see Fig. 14-64). This can be verified by the Carto system as demonstrated in Figure 14-65. In panel A with the heart tilted to expose the isthmus, a line of linear lesions can be accurately documented. Following the ablation, pacing at the coronary sinus OS demonstrates block of the wavefront at the line of ablation in the isthmus with counterclockwise activation around the tricuspid annulus to block in that direction. To assure success, bidirectional block must also be shown (138,145,146 and 147). In this instance, pacing from just lateral to the site of ablation will produce block toward the CS electrogram and activation of the tricuspid annulus only in a clockwise fashion in addition to block in the opposite direction as described above ( Fig. 14-66). The Carto system is also useful because it can provide information about the voltage characteristics of the tissue involved in the isthmus. The lower the voltage the easier it is to achieve block in the tissue. Thus one might chose a path in the isthmus that is slightly longer through low voltage tissue than a shorter route through high voltage tissue, which represents a thicker atrial myocardium. At the end of the ablation split potentials (isoelectric intervals of >100 msec) or no local atrial activity (electrograms 


FIG. 14-62. Utility of electroanatomic mapping in ablating atrial flutter. Panel A. Counterclockwise flutter is shown around the tricuspid valve. Panel B. Using a posterior view, the isthmus between the triscuspid valve and inferior vena cava can be seen and linear lines of ablation can be drawn between the tricuspid valve and IVC. The arrow defines the isthmus that must be ablated. TV = tricuspid valve. IVC = inferior vena cava. (See Color Fig. 14-62.)



FIG. 14-63. Termination of isthmus-dependent flutter during RF application. Isthmus-dependent, counterclockwise flutter is shown on the left. Electrograms from the right atrial appendage (RAA), the anterolateral right atrium around the tricuspid annulus (LARA) with the distal (D) ALRA being misplaced at the lateral tricuspid annulus at the lateral border of the isthmus. Slow pathway proximal to distal. A decapolar catheter in the His bundle recording site and an octapolar catheter in the coronary sinus. During the formation of a linear lesion, atrial flutter terminates with block in the mapping/ablation catheter, which is positioned in the center of the isthmus.



FIG. 14-64. Demonstration of block across the isthmus using coronary sinus pacing. In the top right is a fluoroscopic image showing a halo catheter positioned around the tricuspid annulus, the coronary sinus catheter, the His catheter, and the ablation catheter. Prior to ablation and after ablation, the activation patterns around the tricuspid annulus using a halo catheter are shown on the left. Prior to ablation, pacing the coronary sinus demonstrates both superior and inferior wave fronts around the tricuspid annulus (far left panel). After ablation, a line of block appears to be created in the isthmus and activation of the tricuspid annulus only goes over the superior route (middle panel). This is schematically shown in the lower right-hand part of the figure.



FIG. 14-65. Use of electroanatomic mapping to demonstrate the line of block during coronary sinus pacing. Panel A. On the left the activation pattern of counterclockwise flutter is shown with the tricuspid annulus and inferior vena cava being viewed in the inferior view. The isthmus is shown between the tricuspid valve and IVC. The line of ablation that must be achieved to cure flutter is shown by a series of brown dots. Panel B. On the right, during coronary sinus pacing following ablation, one sees a complete line of block with no activation proceeding across that line of block in either direction. Activation of the entire tricuspid ring remains counterclockwise except for the small portion that is situated between the pacing site and the line of block. The electroanatomic mapping system lets one evaluate whether there are any breaks in the line of block which may not be seen using the halo catheter or any single catheter in a fixed position. (See Color Fig. 14-65.)



FIG. 14-66. Demonstration of bidirectional block. To assure success of flutter ablation, one should demonstrate bidirectional block. This is necessary because occasionally one can demonstrate complete block in one direction but not in another. To do this one needs to pace on either side of the ablation line to demonstrate that activation around the tricuspid annulus proceeds only in the direction away from the scar. In the panel on the left, pacing in the lateral isthmus shows a clockwise activation around the tricuspid ring. Conversely, pacing the proximal coronary sinus demonstrates a clockwise pattern of activation around the tricuspid annulus.



Some investigators prefer to ablate between the tricuspid annulus and the coronary sinus since it is the shortest path. This frequently fails, I believe, because the impulse can propagate through the Eustachian ridge (albeit slowly) to go around the IVC and produce a lower loop reentry. Analysis of Carto maps of atrial flutter frequently demonstrates simultaneous activation across the Eustachian ridge and around the IVC to produce a lower loop of reentrant excitation that meets the loop going counterclockwise around the tricuspid annulus in a figure-of-8 fashion ( Fig. 14-67). This is also graphically shown using a basket catheter in Figure 14-68. Both the lower loop and upper loop can be simultaneously entrained. While the Eustachian ridge is believed to be a fixed obstacle that produces block because of the observation of double potentials that are often seen on either side of it, this may not in fact represent true block, but a very slowly propagating wavefront ( 144). In fact, the ability to slowly conduct across the Eustacian ridge may be responsible for lower loop reentry that follows inadequate ablation of the isthmus because of placing ablation lines too medially, such that propagation across the Eustacian ridge is still possible. Ablation along the Eustachian ridge or between the tricuspid annulus and the inferior vena cava will eliminate this rhythm as well ( Fig. 14-69). Lower loop reentry has been described by Cheng et al. ( 148) and may not be as uncommon as previously thought.



FIG. 14-67. Demonstration of a lower loop of reentry using the electroanatomic mapping system. Counterclockwise flutter is shown by analyzing the activation sequence around the tricuspid annulus. However, if one carefully analyzes activation around the IVC, one can also demonstrate reentrant excitation. As in other electroanatomic maps, the earliest site of activation is arbitrarily shown in red with sequential activation to orange, yellows, greens, blues, and purples. A dark burgundy line demonstrates a line bordering the earliest and latest activation. Notice the densest isochrones appear in the tricuspid-inferior vena cava isthmus. (See Color Fig. 14-67.)



FIG. 14-68. Demonstration of lower and upper loop reentry simultaneously shown using a basket catheter. Activation around the tricuspid annulus (TV), and the IVC are shown during pacing of the coronary sinus. During atrial flutter, coronary sinus pacing entrains both the activation loop around the tricuspid annulus and the counterclockwise loop around the inferior vena cava. Both loops share the common isthmus. The loops are schematically shown in the figure on the right.



FIG. 14-69. The requirement of ablation across the Eustachian ridge to treat lower loop reentry. An electroanatomic map of lower loop reentry is shown in this figure. The tricuspid IVC isthmus is also shown. The Eustachian ridge lies between the coronary sinus and the IVC. Ablation of only the Eustachian ridge should prevent any lower loop reentry, as shown by the brown dots. A linear lesion across the isthmus should also simultaneously cure both upper and lower loop reentry, but occasionally the anatomy of this region makes a complete linear lesion impossible. It is in such instances ablation along the Eustachian ridge and from the CS to the tricuspid annulus may be necessary. See text for discussion. (See Color Fig. 14-69.)



If bidirectional block can be demonstrated, the incidence of recurrence of atrial flutter is less than 10%. In our laboratory it is 6%. Failure to demonstrate bidirectional block, however, is associated with a 20% recurrence rate of flutter. When recurrence occurs, noncontact mapping ( 52) or electroanatomic mapping have been very useful in defining the “leak” in the prior linear lesions. This facilitates sealing the leak and creating bidirectional block. Natale et al. ( 149) have demonstrated that a primary ablation approach to flutter is superior to pharmacologic approaches ( Table 14-1). Moreover, the incidence of subsequent atrial fibrillation (a common spontaneous accompaniment to atrial flutter) is much less than when pharmacologic therapy is used ( 150). In the absence of heart disease, the incidence of atrial fibrillation appearing after a flutter ablation is in the order of 10% whereas in the presence of organic heart disease, in particular hypertension, atrial fibrillation appears more commonly (approximately 25%). This is not surprising since structural heart disease is a substrate for atrial fibrillation. In the presence of pharmacologic approaches to atrial flutter, the incidence of atrial fibrillation is nearly twice as great. Thus, in my opinion, patients who have flutter should undergo ablation as a primary procedure. In addition, in patients who have a history of flutter and fibrillation, the incidence of fibrillation episodes is also diminished by a flutter ablation. This suggests that flutter is involved in either the initiation and/or perpetuation of atrial fibrillation of a substantial percentage of patients. This is another reason to consider flutter ablation in anyone who has this rhythm documented.



TABLE 14-1. Randomized Trial Comparing Catheter Ablation to Pharmacologic Therapy for Atrial Flutter (2 episodes)



Left atrial flutters are more difficult to ablate, primarily because they are difficult to document. The Carto system has been useful in this regard ( 151). Many left atrial flutters circulate around the mitral annulus with the pulmonary veins and fossa ovalis as posterior boundaries ( 151). Scars from prior surgical procedures can provide obstacles that lead to atrial tachycardias with large excitable gaps. These are similar electrophysiologically to isthmus-dependent flutter. They can be caused by routine atriotomy incisions, post cardiac transplant, or following correction to congenital heart disease. Detailed mapping shows double potentials and low voltages in the area of the incision. The Carto system is invaluable in localizing “gaps” in the “scar” line through which the impulse can propagate and produce a macroreentrant circuit. Focal ablation at these gaps can cure the rhythm. An example is shown in Figure 14-70. The voltage map and double potentials define the “scar” region. Activation is possible where a small gap near the superior border of the “scar” (panel B) is. Ablation at this site cured the tachycardia. I believe these gaps are caused by the pressure of the “clamp” superior and/or inferior to the actual atriotomy scar.



FIG. 14-70. Ablation of scar-related atrial flutter/tachycardia using electroanatomic mapping. Panel A. A bipolar voltage map is shown during sinus rhythm in a patient with an atrial tachycardia (250 msec), following open heart surgery. Voltages less than 0.2 mv are shown in red and those over 1.5 mv are shown in purple. 1.5 mv is considered normal. Double potentials are shown with gray dots. The low voltage and double potentials denote signs of scar tissue. Panel B. Activation mapping during a tachycardia is shown. One can see reentrant excitation with activation proceeding through an isthmus bordered by two of the double potentials. The arrows describe the figure-of-8 reentrant circuit. Panel C. Ablation along the line of double potentials completes a line of block ( arrow) between the superior vena cava and the isthmus through which the circuit participated. This terminated the tachycardia and eliminated the possibility of its induction. (See Color Fig. 14-70.)



When large continuous anatomic barriers produce macroreentrant tachycardias, lines of RF incisions must connect the causal anatomic boundary to another boundary (i.e., tricuspid annulus). Ablative Techniques (Surgical and Catheter-based) for Treatment of Atrial Fibrillation Atrial fibrillation remains a therapeutic challenge. The goals of treatment of atrial fibrillation include rate control, prevention of atrial fibrillation and maintenance of sinus rhythm, and prevention of emboli. Prevention of emboli is primarily an anticoagulation issue; however, prevention of atrial fibrillation would be a better option. Pharmacologic therapy has neither been adequately able to provide rate control nor to prevent atrial fibrillation and maintain sinus rhythm, and is accompanied by significant side effects. As such, ablative techniques have been developed to deal with these issues. As stated earlier in the chapter, A–V nodal/junctional ablation provides the best method of rate control in patients who are drug-refractory or intolerant of drugs. In fact, many patients prefer A–V junctional ablation with implantation of a pacemaker to combination pharmacotherapy. Ablation is carried out as described earlier in the chapter. The type of pacemaker implanted depends on the clinical situation. In patients with the Brady-Tachy syndrome, atrial-based pacing with mode switching is critical. Newer devices may also include preventative pacing, antitachycardia pacing and defibrillation capabilities. The use of atrial-based pacing may actually decrease the incidence of atrial fibrillation, decrease cerebrovascular accidents, and improve heart failure. Although survival may not increase, patients experience marked improvement in the quality of life. Some of our happiest patients are those who have had “ablate and pace” therapy for atrial fibrillation. Prevention of atrial fibrillation is a much more complex issue, and is clearly more difficult to achieve. Successful treatment will ultimately require better understanding of the triggers and substrates responsible for initiating and maintaining atrial fibrillation. It is now obvious that atrial fibrillation is a heterogenous group of disorders that include (a) focal triggering mechanisms; (b) mother flutter, which gives off daughter wavelets leading to atrial fibrillation; and (c) random reentry as described in the multiple wavelet. Hypothesis: Different therapeutic approaches are necessary for each mechanism. In addition, ablative procedures may also be used as part of so-called hybrid therapy; combinations of ablation and pharmacotherapy, ablation and pacing, and ablation and defibrillation (singly or in combination). Each of these will be described below. Haissaguerre and his colleagues were the first to describe initiation of atrial fibrillation by repetitive foci originating in the pulmonary veins ( 152,153 and 154). These investigators demonstrated that ectopic foci in the pulmonary veins could be recorded as sharp spikes preceding local left atrial activation that frequently triggered or degenerated into atrial fibrillation. These observations have been made by others ( 155). The exact mechanism of triggering of these foci or the mechanism by which they specifically initiate atrial fibrillation has not yet been established. Catecholamines, stretch, and pressure may be the mechanism of induction of such firing, but this does not necessarily explain the ability for them to initiate atrial fibrillation. In addition, these investigators demonstrated that such firing could persist during stabilized atrial fibrillation, leading to the concept that such firing may also be a source of reinitiation or maintenance of atrial fibrillation. The typical patient in whom this focal atrial fibrillation is likely is the patient who presents with multiple episodes of paroxysmal atrial fibrillation that are short-lived and recur throughout the day. In



some cases, these patients have characteristics of autonomically modulated atrial fibrillation. In between episodes, multiple atrial premature depolarizations are seen that appear to arise primarily from a single focus, although it is difficult to document this with surity since such foci are only recorded on Holter monitors, which have only 1-3 ECG leads. In addition, early P waves often occur on T waves making their morphological characteristics difficult to interpret. Although Haissaguerre and colleagues believe that nearly all cases of paroxysmal atrial fibrillation are manifestations of focal atrial fibrillation, the true incidence is probably significantly less. Examples of focal atrial fibrillation are shown in Figure 14-71. Although the vast majority of focal triggers of atrial fibrillation appear to arise in the pulmonary veins (left and right superior pulmonary vein being most prominent), we and others have also recorded other sites of initiation of focal atrial fibrillation, including the coronary sinus, the atrial appendages, the superior vena cava and the crista terminalis.



FIG. 14-71. Initiation of focal atrial fibrillation from the pulmonary veins. In the top panel, four surface ECG leads are shown with an electrogram obtained from the right inferior pulmonary vein. Note the double components of the electrogram from the right superior pulmonary vein. An atrial premature beat initiates atrial fibrillation. Note that the second spike noted in the pulmonary vein during sinus rhythms now becomes the initiating spike of the atrail tachyarrhythmia that induces atrial fibrillation. In the bottom panel, there is shown an electrogram from the left superior pulmonary vein. In the lower left panel, the sinus beat is associated with a low amplitude left atrial potential followed by a higher frequency component due to a potential from the pulmonary vein. An atrial premature beat follows, which is initiated from the pulmonary vein as shown by the spike proceeding the left atrial potential. In the right lower-hand panel, at another time, an atrial premature depolarization from the same pulmonary vein potential initiates a tachyarrhythmia that degenerates into atrial fibrillation. (From: Haissaguerre M, Jais P, Shah DC, et al. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. N Engl J Med 1998;339:659–666.)



The high incidence of initiation in the pulmonary veins is believed to occur because of the thin cuff of muscular tissue that extends from the left atrium over the epicardial aspects of the pulmonary veins for a variable degree, sometimes as much as 3 cm. While near the ostia of the pulmonary veins this cuff is circumferential. As one moves more distally there is almost an unraveling such that one or more strands of muscular tissue coalesce to produce the proximal cuff. The variable coursing of these strands, and the poor coupling of cells in the musculature, lead to multicomponent electrograms within the pulmonary veins. What is special about cardiac myocytes in the pulmonary veins that makes them more likely to produce impulse formation is uncertain. Chen and colleagues ( 156) have studied isolated cardiac myocytes from the pulmonary veins of rabbits. The majority of myocytes had pacemaker activity and relatively long-action potential duration. These cells also demonstrated calcium-dependent slow inward currents and transient outward currents on depolarization, similar to those of nonpacemaker cells, but in addition they had a larger delayed rectifier. Whether human tissue is similar or whether these findings distinguish patients with and without the syndrome of focal AF is unknown. I personally do not believe we have identified any special characteristics of electrograms in pulmonary veins or electrophysiologic characteristics in pulmonary vein myocytes that distinguish patients with or without focal atrial fibrillation. I say this because virtually all patients with or without atrial fibrillation have pulmonary vein potentials. This is analagous to the situation in which the slow pathway potentials were felt to be specific markers related to the physiology of A–V nodal tachycardia. Pulmonary vein potentials, analagous to slow pathway potentials, appear to be ubiquitous. More importantly, introduction of catheters into the pulmonary veins can lead to triggering within the pulmonary vein, providing targets for those investigators looking for targets. An example of this phenomenon from a patient who had no evidence of atrial fibrillation and who had her pulmonary veins mapped through a patent foramen ovale is shown in Figure 14-72. Multicomponent potentials were seen in all of her pulmonary veins and were most prominent in the left superior pulmonary vein. With the introduction of the catheter into the left superior pulmonary vein, a pulmonary vein rhythm appeared that demonstrates clear initiation of the rhythm from the distal pole of the ablation catheter. Thus, in order to prevent unnecessary pulmonary vein ablations and their attendant complications it is incumbant upon the investigator to demonstrate that ectopic impulse formation in the pulmonary veins occurs spontaneously.



FIG. 14-72. Mechanical initiation of pulmonary vein activity. This tracing comes from a young person without any history of atrial fibrillation, but in whom a catheter was placed in the left superior pulmonary vein (LVSV). An ectopic atrial arrhythmia was initiated from that ablation/mapping catheter as demonstrated by earliest activation from the distal tip of the ablation catheter with subsequent activation to the proximal portion of the pulmonary vein associated with a layer left atrial component. Thus, initiation of atrial tachyarrhythmias from the pulmonary veins by mechanical induction of catheter introduction itself can produce misleading rhythms that should not be targeted for ablation. See text for discussion.



The two methods most commonly used to identify a pulmonary vein source of spontaneous impulse formations are use of the electrocardiogram and use of mapping catheters along the posterior septum and within the coronary sinus ( 157). The ECG morphologic characteristics of atrial impulses originating from the pulmonary veins are rather characteristic for the right and left superior pulmonary vein, the source of most pulmonary vein initiated atrial fibrillation. Since the right superior pulmonary vein is closer to the midline, P waves are inferiorly directed (positive in II, III, and AVF) and anteriorly directed (positive in V 1, although some terminal negativity may occasionally be seen), and narrower than the sinus P wave. The proximity to the posterior superior septum, with early breakthrough to the right atrium, and simultaneous activation of the left atrium leads to this P-wave morphology. This also leads to relatively early activation of the right side of the posterior atrial septum with subsequent activation of the coronary sinus, usually proximal to distal (when the proximal poles of the CS catheter are at the OS of the CS). In contrast, atrial activation arising from left superior pulmonary vein foci have broader P waves because they are far removed from the septum. They are frequently broad and notched and demonstrate total positivity in lead V 1 as well as being positive in the inferior leads (lead 3 usually being more positive than lead 2). In contrast to activation associated with foci originating in the right superior pulmonary vein, the left superior vein foci demonstrates activation of the coronary sinus earlier than the right atrial catheter, particularly when the coronary sinus catheter is positioned with its distal pole anteriorly. These two observations can provide evidence for a pulmonary vein origin for the spontaneous ectopy and initiation of atrial fibrillation, and justify subsequent transeptal catheterization to further explore this mechanism of atrial fibrillation. It is not unusual for there to be lack of such ectopy, however. Sedation is one of the major factors in inhibiting ectopic impulse formation. As such, I recommend that no sedative be given when one is attempting to demonstrate spontaneous atrial impulse formation. Moreover, it is most commonly necessary to add pharmacologic agents to facilitate impulse formation. Such agents include isoproterenol, theophyline, and adenosine. Once the appearance of pulmonary vein foci has been suggested, transeptal catheterization should be performed. Although some investigators use a single transeptal puncture followed by introduction of two guide wires and then reintroduction of two sheaths, I prefer two separate transeptal procedures. I believe the latter approach is associated with less femoral vein bleeding and local complications as well as a lower incidence of persistent atrial septal defect following a procedure. Intracardiac ultrasound or transesophageal echocardiography may also be employed to facilitate catheter positioning. Once the left atrium is entered the goals for the



procedure are to identify vein and/or branch of the vein from which the impulse arises and localize either the earliest site of activation within that vein or branch, or the segment from which the earliest activation is recorded. Different techniques have been used to achieve these goals. The initial method used was point-by-point activation mapping in the pulmonary veins. This method is still useful, particularly with the Biosense Carto system, which allows one to tag the anatomic location of individual potentials. The initiation of atrial ectopic impulse formation in the pulmonary veins only after a catheter has been introduced into the pulmonary veins does not signify that the source of atrial fibrillation has been identified. The catheter should be withdrawn to assess whether or not this impulse formation exists spontaneously. This is in contrast to an ongoing atrial tachyarrhythmia in which a pulmonary vein is explored and early activation found (see Fig. 14-73). One of the other clues that this rhythm was not flutter is simultaneous activation from high to low on the lateral right atrial free wall and on the septum. This is demonstrated in this figure in which there is simultaneous high-to-low activation along the lateral right atrial wall (halo 6 through halo 2) and the septum (halo 7–9 and the His bundle recording).



FIG. 14-73. Left superior pulmonary vein tachycardia mimicing atrial flutter. Leads II and V1 are shown with recordings from a halo catheter, the catheter in the isthmus, a mapping catheter in the left superior pulmonary vein and recordings from the His region. The halo catheter distally records the lateral isthmus and proximally the superior septum. The tachycardia is present at approximately 310 msec cycle length. Activation of the lateral wall and the septum is high to low. The isthmus catheter is adjacent to the halo catheter distal, which was at the site of a prior ablation for proven isthmus-dependent flutter. The split electrograms are at the site of block produced by the prior linear lesion. The high-low sequence of activation proves that this is not clockwise flutter. The activation in the left superior pulmonary vein records a pulmonary vein potential of 130 msec prior to the P wave with a later left atrial potential (A*). Subsequent ablation of the pulmonary vein focus eliminated the need for antiarrhythmic therapy and the patient has been free of arrhythmia since.



Occasionally, far field potentials can be recorded within pulmonary veins that confuse the issue. Because of this, some investigators suggest placing multipolar catheters in each pulmonary vein (primarily the superior pulmonary veins initially) to see the sequence of activation of impulse formation. While this has advantages in allowing far field activity from one vein to be distinguished from local activity in another vein, and facilitates diagnosing the earliest site, it also is associated with a high incidence of atriogenic impulse formation from the catheters themselves. An example of an atrial premature complex, mapped to the pulmonary vein, initiating atrial fibrillation and successful ablation of that site is shown in Figure 14-74. In panel A of this figure, a premature atrial complex is seen in the middle of the tracing, which is associated with early activation in the pulmonary vein. Following the next sinus beat another atrial premature beat from this site initiates atrial fibrillation. Delivery of RF energy at that site in sinus rhythm initially produces an accelerated atrial rhythm followed by sinus rhythm, which is associated with a discrete electrogram in the pulmonary vein. Another example of an atrial tachyarrhythmia that was demonstrated to initiate atrial fibrillation at other times is shown in Figure 14-75. In the top panel the 12-lead ECG shows paroxysms of an atrial tachyarrhythmia that looks like either coarse atrial fibrillation or an atrial flutter-like rhythm. Intracardiac recordings guided by the Carto mapping system showed this earliest activity arose from the left superior pulmonary vein. The local electrogram in sinus rhythm at this site showed a complex electrogram with left atrial activity followed by a sharp spike representing activity from the pulmonary vein. Atrial tachyarrhythmia begins on the subsequent beats, which is associated with early activity first in the pulmonary vein potential with subsequent left atrial activity. This pulmonary vein activity precedes the P wave by 58 msec. Radiofrequency ablation at this site terminated the arrhythmia almost immediately (see panel C). The patient has been free of arrhythmias on no medicines for nearly 2 years. The Carto system was extremely useful in localizing the earliest site of activation to the left superior pulmonary vein and anatomically tagging the earliest electrogram at which site ablation was carried out. Although most ectopic impulse formations initiating atrial fibrillation appear to arise from the pulmonary veins, other sites may also be responsible as mentioned above. Figure 14-76 was recorded from a patient in whom initiation of a focal atrial fibrillation began in the coronary sinus, 5 mm from the OS. Radiofrequency ablation at that site terminated the atrial fibrillation, and sinus rhythm has been maintained thereafter for 9 months on no medicines.



FIG. 14-74. Mapping and ablation of pulmonary vein focus initiating atrial fibrillation. Panel A. (top) The pulmonary vein's APC (curved arrow) initiates an atrial tachyarrhythmia that degenerates to atrial fibrillation. Panel B. (bottom) Radiofrequency application at this site in sinus rhythm produces an accelerated rhythm from the pulmonary vein followed by sinus rhythm. The patient has had no further episodes of atrial tachyarrhythmia.



FIG. 14-75. Ablation of atrial tachycardia radiating from the left superior pulmonary vein aided by electroanatomical mapping. Paroxysmal atrial tachycardia at a cycle length of 250 msec is seen in the ECG in panel ( A). Analog records of sinus rhythm and the onset of atrial tachycardia are shown in panel ( B). Recordings shown are from the superior, lateral and inferior coronary sinus, the right atrium and the left superior pulmonary vein, along with four surface ECG leads. During sinus rhythm, the left superior pulmonary vein (LSPV) shows an initial slow component due to left atrial activation caused by a rapid, somewhat fractionated component ( arrow) due to activation of the pulmonary vein. CS activation superiorly (12 o'clock) occurs prior to 3 o'clock and 6 o'clock recordings from the CS suggesting activation over Bachmann's bundle. Atrial tachycardia then begins with reversal of the electrical signals in the left superior pulmonary vein with subsequent activation of the left atrium. This pulmonary vein focus was confirmed by electroanatomical mapping (panel C) to be just inside the left superior pulmonary vein. Ablation at this site immediately terminated the tachycardia and the patient has remained in sinus rhythm off of antiarrhythmic agents for two years. (See Color Fig. 14-75.)



FIG. 14-76. Termination of atrial fibrillation by ablation adjacent to the OS of the coronary sinus. Electrical signals from the septum, the His bundle area and ablation catheter adjacent to the coronary sinus ostium, the anterolateral right atrium, the coronary sinus and the posterolateral right atrium are shown. During A–V nodal tachycardia, atrial fibrillation began spontaneously with the initiating electrograms occurring just under the OS of the CS at the site at which the ablation catheter was placed. Delivery of RF energy at this site terminated atrial fibrillation in approximately 5 seconds. Note the organization of electrograms from the septum, the anterolateral right atrium, and the coronary sinus prior to termination.



Although mapping and ablation of atrial tachyarrhythmias, which are readily documented, is treatable, this method is limited by (a) ablation at sites that appear early but that are proximal to a more distal branching earlier site resulting in failure; (b) recurrences due to atrial ectopic formation in other pulmonary veins; (c) recurrences due to actual impulse formation at nonpulmonary vein sites; and (d) the variety of a series of complications including most importantly pulmonary vein stenosis. The latter complication is most frequently associated with the delivery of multiple lesions deep within the pulmonary veins at sites that are smaller than the OS. Pulmonary hypertension, pulmonary hemorrhage, hemoptysis, phenic nerve paralysis, and strokes have all been reported. In order to improve the safety and efficacy of ablation of pulmonary vein triggers of atrial fibrillation, two techniques have been developed, both of which attempt to isolate the arrhythmogenic parts of the pulmonary vein from the left atrium. Both methods are based on isolating the sheath or cuff of muscle that surrounds the pulmonary vein or the strand from which impulse formation arises from the atrium. One method developed by the group at Bordeaux ( 153) and further popularized by Chen and his colleagues from Taiwan (155) is the use of a mapping catheter that has a spiral curved tip on which 10 electrodes are placed. This is a miniversion of the halo catheter used around the tricuspid ring for atrial flutter. The catheter is positioned in the pulmonary vein and analysis of segmental activation is recorded. If all sectors display activity, the catheter is introduced further until such time that electrograms are lost. Those sites at which electrograms are still recorded serve as targets for ablation. Examples are shown in Figure 14-77 and Figure 14-78. In the first figure, during left atrial pacing, a local left atrial electrogram is followed by a pulmonary vein potential at site number 3 on the third bipolar pair shown by the arrows. The other sites demonstrate no pulmonary vein potentials. Ablation at this site eliminates this pulmonary vein potential. In Figure 14-78 with the ring catheter placed at the ostium of the left superior pulmonary vein, complex potentials of left atrial activity and pulmonary vein activity are recorded at the ostium. Insertion of the catheter further demonstrates a loss of local pulmonary vein electrograms at ring sites 3 and 4 with ring site 2 having the earliest sharp potential. Ablation at this site eliminated the potential at site 1, but a separate ablation at site 5 was required to eliminate the pulmonary vein potential at that site. The best end point for ablation using this method is uncertain. Certainly, elimination of all pulmonary vein potentials is a reasonable end point. This is shown in Figure 14-77. Another reasonable end point would be isolation of pulmonary vein potentials from the left atrium. This is shown in Figure 14-79 in which ablation within the pulmonary vein isolates left atrial activity from the pulmonary vein. Postablation dissociated electrical activity from the left superior pulmonary vein can be seen. Other investigators have used small versions of the basket catheter placed within the pulmonary vein to provide sector maps of the pulmonary vein in order to limit the extent of ablation done. It is hoped that the smaller amount of radiofrequency energy delivered using this segmental ablative technique will reduce the incidence of pulmonary vein stenosis. Time will tell.



FIG. 14-77. Use of the lasso-ring catheter for mapping of pulmonary veins. Panels A and B show different distributions of pulmonary vein potentials in the ostium and inside the left superior pulmonary vein (LSPV). At the ostium all five bipolar ring pairs demonstrate pulmonary vein potentials ( Panel A) while inside the LSPV (Panel B) only ring pairs 1, 2, and 5 show potentials. Ring 2 has the earliest sites. The corresponding ring catheter positions are shown in the fluoroscopic images below.



FIG. 14-78. Disappearance of pulmonary vein potentials after single point ablation. A. During coronary sinus pacing, local atrial activity followed by pulmonary vein potentials is seen in ring 3 and 2. Ablation at ring 3 shows gradual diminution and loss of that pulmonary vein potential and the adjacent pulmonary vein potential in ring 2. The only electrogram left after the ablation is a left atrial potential. The ring catheter position is shown in panel ( B). (Courtesy of: Chen SA, Hsieh MH, Tai CT, et al. Initiation of atrial fibrillation by ectopic beats originating from the pulmonary veins. Electrophysiological characteristics, pharmacological responses, and effects of radiofrequency ablation. Circ 1999;100:1879.)



FIG. 14-79. Isolation of pulmonary vein potentials by lasso-guided segmental ablation. Preablation during sinus rhythm, a local left atrial potential is associated with a complex pulmonary vein potential at the ostium and two discrete pulmonary vein potentials more distally. Postsegmental ablation, all that is seen during sinus rhythm is a local left atrial electrogram. The distal pulmonary vein potential can be seen as isolated from the left atrium. Ectopic impulse formation in the muscle sleeve of the vein generating this electrogram cannot lead to propagated responses. (Courtesy of: Haissaguerre M, Shah DC, et al. Catheter ablation of chronic atrial fibrillation targeting the reinitiating triggers. J Cardiovasc Electrophysiol 2000;11:2–10.)



A second method used to isolate the pulmonary veins from the left atrium is through use of circumferential ultrasound ablation of the ostium of the pulmonary vein delivered through a balloon catheter ( Fig. 14-80) (51). This circumferential lesion has been shown to isolate the pulmonary vein from the left atrium. A third method of isolation of the pulmonary veins has been reported by Pappone et al. ( 158). Using the Carto system to locate the ostia of the pulmonary veins, Pappone delivers encircling lesions in the left atrium around the borders of the pulmonary veins, which he “draws” using the Carto ( 158). I have significant concerns related to the ability of the Carto system alone to actually localize the ostia of the pulmonary veins. I believe magnetic resonance imaging may offer the most accurate view of the pulmonary veins and this technology coupled with the Carto system, which is based on magnetic resonance imaging, would be the ideal combination tool to accurately encircle the pulmonary veins. Even if one could do this, however, the number of cases in which atrial fibrillation would be “cured” is uncertain. Clearly however, there is a subpopulation of patients with paroxysmal atrial fibrillation in whom the pulmonary veins play a prominent role in the genesis of the arrhythmia and in whom isolation of the pulmonary veins or ablation of specific foci can “cure” their paroxysmal atrial fibrillation. Although a high efficacy rate of isolation of the pulmonary veins from the left atrial myocardium has been demonstrated, the success rate at preventing atrial fibrillation with such ablations is in the order of 50% to 75%, including those requiring drugs. The reason for this is threefold: (a) impulse formation occurs in the proximal cuff of tissue that is left in connection to the left atrium; (b) other sites of impulse formation outside the isolated pulmonary veins are a source of atrial fibrillation triggers; (c) the mechanism of atrial fibrillation is neither focal nor related to the pulmonary veins.



FIG. 14-80. Circumferential radiofrequency ablation of pulmonary vein ostia. Panel A. A photograph of the balloon catheter through which ultrasound is delivered. Panel B. Demonstration of pulmonary vein isolation following circumferential ultrasound ablation. In the top part of this figure, during left atrial pacing, one can see pulmonary vein potential after the onset of local atrial activation. The sinus P waves in this lead show a slow negative deflection followed by a pulmonary vein potential. Following circumferential ablation in the bottom panel, only the slow left atrial activation is seen, as there has been loss of the pulmonary vein potential. This demonstrates entrance block into the pulmonary vein. (From: Natale A, Pisano E, Shewchick J, et al. First human experience with pulmonary vein isolation using a through-the-balloon circumferential ultrasound ablation system for recurrent atrial fibrillation. Circ 2000;102:1879–1882, with permission.)



Role of Ablation in “Mother Flutter” Induced Atrial Fibrillation Atrial flutter and fibrillation frequently occur in the same patient ( Fig. 14-81). Although this may be coincidential it certainly suggests that at least in some patients the flutter can initiate atrial fibrillation or can perpetuate atrial fibrillation. It is impossible to recognize in which patients flutter plays this initiating or maintaining role for fibrillation. However, the ease with which a flutter ablation can be accomplished suggests that such an ablation may be a reasonable approach to patients who have both flutter and fibrillation. Moscovitz et al. ( 150) showed a decrease in the incidence of atrial fibrillation in those patients who had a flutter ablation. While the decrease in fibrillation may be only 40%, this is a significant number of patients in whom anticoagulation and/or antiarrhythmic drugs will not have to be used. Other investigators have noted similar experiences ( 149). We have noted that the ability to document atrial flutter degenerating to atrial fibrillation in a given patient may select out those patients most likely to benefit from this form of approach. An example of a patient with flutter-induced atrial fibrillation and completion of the flutter line that terminated the atrial fibrillation is shown in Figure 14-82. A larger series of patients needs to be evaluated to see how often flutter lesions can prevent atrial fibrillation and if we can better select those patients in whom this procedure might work.



FIG. 14-81. Occurrence of atrial flutter and fibrillation in the same patient.



FIG. 14-82. Ablation of tricuspid valve-inferior vena cava isthmus to terminate atrial fibrillation perpetuated by atrial flutter. In the top panel, atrial flutter is present, which begins to change subtly as noted by a change in the relationship of the proximal coronary sinus electrogram with the other right atrial electrograms. Persistent atrial fibrillation subsequently developed as seen in the bottom panel. Radiofrequency ablation (after 45 minutes of atrial fibrillation) across the isthmus, when completed, terminates atrial fibrillation. The patient has had no episodes of flutter or fibrillation in six months off medicine.



Role of Ablation in “Multiple Wavelet” Atrial Fibrillation Most cases of persistent atrial fibrillation are based on the mechanism of multiple wavelet reentry. We have also demonstrated this to be the case using intraoperative mapping techniques as described in Chapter 9. To date, the only technique that has been reproducibly shown to actually cure this type of atrial fibrillation is surgical ablation using the Maze procedure described by Cox et al. ( 11,12,56,59) or its variants (57,58). While other surgical techniques have included left atrial isolation (10,55) or the creation of a corridor between the sinus node and the atrioventricular node ( Fig. 14-83), these atrial isolation procedures were, not surprisingly, unsuccessful in maintaining sinus rhythm. The development of the Maze by Dr. James Cox ( 11,12,56,59) provided the first cure of persistent atrial fibrillation. This procedure has undergone several iterations, but they all involve a series of right and left atriotomies, which divide the atria into small areas of tissues that are felt to be smaller than the reentrant wave lengths that randomly occur in atrial fibrillation. The success rate for the Maze has ranged from 75% to 90%, for completely eliminating atrial fibrillation, but with perhaps as high as 25% incidence of pacemaker implantation because of sinus node or A–V node dysfunction. The latest iteration of the Maze (Maze III) (56) is associated with a much lower incidence of sinus node dysfunction. Whether or not atrial function is restored is a matter of debate (159). The current version of the Maze involves left and right atrial appendectomy, a lesion inserted between the pulmonary veins that is connected to the suture line of the left atrial appendectomy and one from the pulmonary veins to the mitral annulus. On the right an incision is carried out from the superior to the inferior vena cave and from the suture line of the right appendectomy to the anterolateral tricuspid annulus. A shorter, posterior line from the right atrial appendectomy is also made. Another lesion is made from the intercaval lesion perpendicularly and posterolaterally to the tricuspid annulus. A lesion is also made from the superior aspect of the coronary sinus and Eustachian ridge across the septum involving the fossa ovalis to intersect with the encircling pulmonary vein incision in the left atrium. The operation has been modified to be employed in combination with mitral valve surgery ( 160,161,162 and 163). Most of these other procedures have focused on encircling the pulmonary veins on the left side, bilateral appendagectomies, and lines connecting the mitral annulus to the encircling lesion. A variety of other incisions have been employed in both the right and left atrium, but they are more limited than the original Maze procedure. Most recently, a cool-tip radiofrequency “pen” has been developed to draw the lines at surgery ( 57,58). While Cox suggests a success rate of greater than 90%, other reports suggest a lower success rate in the 75% range with size of the left atrium being the most important determinant for success. Reduction atrioplasty has also been incorporated into the procedure in order to eliminate excess tissue. The delayed left atrial activation and left atrial incisions make it difficult for me to believe that normal atrial transport is present. Moreover, even if the atria were to contract reasonably, the delayed and irregular atrial activation would unlikely lead to synchronous atrial contraction and appropriate filling of the left ventricle. A recent study ( 163) compared patients undergoing the Maze procedure with mitral valve repair with patients with preoperative atrial fibrillation who did not have a Maze procedure accompanying mitral valve repair. Although survival was no different at two years, there was a marked reduction in atrial fibrillation in the Maze-treated group who also had better outcome in terms of the combined end point of stroke or anticoagulation-related bleeding. This suggests that a variant of the Maze procedure could be safely employed as a concommittent procedure in patients undergoing mitral valve repair or other cardiac surgery in whom atrial fibrillation has been a problem. Whether the Maze procedure alone as an isolated procedure for treating atrial fibrillation has long-term better outcomes and quality of life than either some of the newer catheter-based procedures to “cure” atrial fibrillation (e.g., pulmonary vein isolation) or simply ablating the A–V junction and implanting a pacemaker is uncertain. At this point in time, atrial fibrillation as an isolated clinical entity should be an unusual indication for Maze procedures.



FIG. 14-83. Corridor procedure for the prevention of atrial fibrillation. A. A narrow band of atrial tissue from the region of the sinus node to the A–V junction is isolated from the remainder of the atria. B. This maintains normal A–V synchrony while fibrillation or other atrial rhythms occur elsewhere. Mi = mitral valve; SAN = sinoatrial node; Tri = tricuspid valve. (From: Guiraudon GM, Sharma AD, Yee R. Surgery for atrial flutter, atrial fibrillation, and atrial tachycardia. In: Zipes DP, Jalife J, eds. Cardiac electrophysiology: from cell to bedside. Philadelphia: WB Saunders, 1990:915.)



Catheter-based procedures involving linear lesions in the right and left atria have also been employed to treat persistent atrial fibrillation ( 164,165 and 166). These lesions have mimicked various components of the Maze procedure and have been basically unsuccessful in maintaining sinus rhythm. Initial attempts to mimic the Maze procedure using catheters showed feasability; however, the duration of the procedure and extremely high complication rate have led to its abandonment. At the present time, left-sided catheter-based procedures are likely to be limited to encirclement of the pulmonary veins with an additional lesion being drawn to the mitral annulus. This is an area of active investigation, and with the development of better mapping and ablating tools, as well as better and more precise anatomic localization techniques (e.g., magnetic resonance imaging), successful catheter-based therapy may be developed. Hybrid Therapy The common association of atrial flutter and fibrillation, as well as the frequent change of atrial fibrillation to atrial flutter by class I antiarrhythmic agents, led us to develop the concept of hybrid therapy. We investigated whether patients in whom atrial fibrillation could be converted to atrial flutter would be successfully treated by combining the antiarrhythmic agent with ablation of the flutter. Huang et al. ( 167) from our laboratory was the first to report application of this concept. Several important findings came out of that study. First, most patients in whom conversion from fibrillation to flutter occurred had either (a) paroxysmal atrial fibrillation with “coarse” atrial fibrillation or (b) fibrillation or flutter on different occasions. Second, all cases that look like flutter on the ECG are not isthmus-dependent flutter when studied by intracardiac mapping and program stimulation. Those patients with isthmus-dependent flutter proven at EP study and successful flutter ablations, as described earlier in the chapter, remained free from recurrences of atrial flutter or fibrillation as long as their antiarrhythmic therapy was maintained. An example of this combined therapy is shown in Figure 14-84. Nabar and colleagues ( 168) had similar findings in drug-induced flutter. The agents most commonly associated with the change from fibrillation to flutter are 1C agents and amiodarone. The 1A agents have also been associated with this, but their frequency of use has markedly diminished in the past decade.



FIG. 14-84. Hybrid therapy for atrial fibrillation. The top panel shows 1 of 30 paroxysms of atrial fibrillation daily by this young physician. Following the administration of Flecainide (second panel) atrial flutter resulted. This was shown to be isthmus-dependent with classical atrial activation sequences (and entrainment characteristics) (bottom panel). Linear ablation to the isthmus terminated this flutter at the site of the ablation ( bottom panel). Bidirectional block was confirmed and the patient has been free of arrhythmias while maintaining Flecainide for four years. (From: Huang DT, Monahan KH, Zimetbaum PJ, et al. Hybrid pharmacologic and ablative therapy—a novel and effective approach for the management of atrial fibrillation. J Cardiovasc Electrophysiol 1998;9:462–469.)



In the future, we may use linear right atrial lesions to decrease the number of wavelets and allow antitachycardia pacing to terminate the remaining arrhythmias or drugs to prevent them. In addition, if one could decrease the number of wavelets, the energy required for atrial defibrillation might be reduced to such an extent that it could be “painless.” What lesion set will be necessary to achieve any of these end points has not been established. The lesions set may not be the same for all people. It is necessary to understand the pathophysiologic substrate of each patient. With aging and fibrosis, our ability to “cure” persistent atrial fibrillation diminishes, and use of these aggressive surgical and/or catheter-based tools will likely be less beneficial.



CONTROL OF VENTRICULAR ARRHYTHMIAS BY ABLATIVE TECHNIQUES The possibility of surgical ablation of VT was realized when Couch ( 169) recognized the association of cardiac aneurysm with VT, which was subsequently cured by excision of the aneurysm. Although a variety of techniques including coronary bypass grafting, aneurysmectomy (with or without bypass grafting), ventriculotomy, and cryosurgery had been used in the late 1960s and early 1970s to treat “malignant ventricular arrhythmias,” the exact efficacy of such procedures could not be established because (a) the surgical series usually dealt with poorly characterized arrhythmias (from isolated complex ectopy to ventricular fibrillation); (b) the clinical setting, coronary anatomy, and ventricular function were nonuniformly characterized; (c) electrophysiologic studies and mapping were not performed; (d) there was no systematic pre- or postoperative evaluation of the surgical therapy; (e) there was obviously selective reporting of cases. Our own experience using these techniques to treat monomorphic VT was abysmal, with high operative mortality (primarily related to perioperative ventricular tachyarrhythmia recurrences) and a greater than 15% late failure rate. The development and refinement of catheter-based mapping techniques and programmed stimulation allowed the underlying mechanisms and pathophysiologic substrates of ventricular tachycardia to be established. As described in detail in Chapter 11, electrophysiologic studies involve determining the ability to induce and terminate sustained ventricular tachycardia, the ability to entrain ventricular tachycardia, and the ability to localize the arrhythmia by catheter mapping or intraoperative mapping in combination with stimulation techniques. The ability to localize the origin of focal VT to define critical sites required for maintenance of macroreentrant VT, or characterize a pathophysiologic substrate for arrhythmias that are unstable and cannot be mapped has allowed further development of surgical and catheter-based procedures to destroy the site of origin, ablate the critical pathways associated with reentrant excitation, or isolate arrhythmogenic areas from the remainder of the heart, or render them incapable of developing arrhythmias. Although coronary artery disease remains the most common underlying etiology for recurrent sustained ventricular tachycardia, other pathophysiologic substrates exist (e.g., right ventricular dysplasia, postoperative tetrology of Fallot, sarcoidosis, etc.). Uniform tachycardias may also be observed in normal hearts (see Chapter 11), a situation in which catheter-based therapy is being widely applied in drug refractory patients or as primary therapy. With the development of deflectible, easily steerable ablation catheters and new data acquisition systems allowing for either multisite simultaneous data acquisition (basket catheters or the EnSite noncontact mapping probe system) ( 170,171,172 and 173) or the ability to precisely define points of data acquired in three dimensions (Carto electroanatomic mapping system), catheter-based ablation of a variety of ventricular tachyarrhyth-mias has become widely accepted and frequently used in the management of ventricular arrhythmias. It has in fact supplanted cardiac surgery, which had been the only method to “cure” ventricular tachyarrhythmias associated with coronary artery disease or other structural entities. The decline of the surgical intervention for ventricular tachycardias has resulted because of the widespread implantation of ICDs to treat these disorders because of a virtually neglible morbidity and mortality associated with implantation and high success rate in terminating ventricular tachyarrhythmias and prevention of sudden cardiac death. However, it should be remembered that an ICD is not a “cure.” It requires recurrent arrhythmias to have any value. I believe the high mortality rate (10%–15%) noted in surgical series in the 1980s would be less at this point in time due to better myocardial preservation techniques and additional methods to facilitate the surgical procedure itself. Thus, I believe surgical therapy for ventricular tachyarrhythmias, primarily associated with coronary artery disease, is underutilized today. Nevertheless, while the bulk of this section will deal with catheter-based ablative techniques, our surgical experience will also be described. Mapping Techniques for Ventricular Tachycardia Several types of ventricular tachyarrhythmias lend themselves to catheter ablation. Direct ablation of a specific ventricular tachycardia requires that it must be present (inducible or spontaneous), be uniform in morphology, and hemodynamically tolerated. The exact mechanism of the VT is less important in deciding whether VT is ablatable, but it does direct the mapping techniques used. Tachycardias that are focal in origin—i.e., either caused by abnormal automaticity, triggered activity, or theoretically, microreentry—can be localized by activation mapping directly but can use pace mapping as a surrogate for direct localization. Pace mapping is based on the hypothesis that replication of the tachycardia morphology by pacing at the tachycardia rate will identify the site from which the focal arrhythmia arises. While this is generally true in patients with normal hearts, discrepancies can occur if the focus arises in diseased tissue. Increasing the strength of the stimulus can excite areas distant from the “point” of stimulation, even if unipolar pacing is used since the catheter tip is usually 4 or 5 mm long and high current may be required to pace diseased tissue. Nevertheless, this method provides reasonable “localizing” information. I try never to use pace mapping as a sole method of judging the site of origin of a focal rhythm because of these limitations. Activation mapping must also be done, and, in the presence of a normal myocardium, ulfiltered unipolar recordings used as well. Sites of origin should have the tip recording demonstrating a QS potential with a rapid negative intrinsic deflection that is earlier than that recorded from the proximal second pole. Filtered unipolar recordings should also be used to demonstrate that the tip electrogram is earlier than the electrogram recorded from the second. This is to demonstrate that the tip electrogram is responsible for the earliest activation of the bipolar electrogram, which is also recorded simultaneously. This is analagous to mapping techniques in preexcitation described above. With reentrant ventricular tachycardias having an excitable gap, and therefore, finite dimensions, activation mapping with additional program stimulation is necessary to localize critical parts of that reentrant circuit that identify target sites for ablation. The concept that activation mapping can find the “earliest site” does not intuitively make sense in a reentrant arrhythmia in which diastolic activation is continuous. However, the successful sites for ablation in the macroreentrant VT are in fact earlier than those noted in focal ventricular tachycardias. The diastolic electrograms that usually precede the QRS by >50 msec must be verified as early and contributing to the subsequent QRS and not late sites activated passively that lie outside the reentrant ciruit. Pace mapping should not be used as a primary procedure for macroreentrant ventricular tachycardia. In macroreentrant ventricular tachycardia, the QRS begins once the impulse exits from the electrocardiographically silent diastolic pathway to excite the bulk of normal myocardium. Downar et al. ( 174,175), using simultaneous multisite epicardial and endocardial recordings, have shown this can take place 50 msec before the onset of the QRS in patients with coronary disease since the impulse may still transverse abnormal tissue even after it exits the reentrant circuit to excite the myocardium. At best, a pace map that appears similar to the ventricular tachycardia would only identify the exit to the normal myocardium and may be distant from the critical points of reentrant circuit required for ablation. More importantly, however, is the fact that during sinus rhythm pacing from any specific site will lead to ventricular activation away from that site. Since the myocardium will be activated in a centrifugal fashion the resultant QRS almost invariably differs from that seen during ventricular tachycardia, in which the myocardium is activated orthodromically in one direction from that exit site. An example of this is shown in Figure 14-85. Ventricular tachycardia is shown in panel A. Pacing at the site within the central common pathway at which the tachycardia was subsequently successfully ablated results in a QRS that is distinctly different from the ventricular tachycardia. Pacing from a site 2 cm laterally, which was shown to be outside this central common pathway, produced an identical QRS to the ventricular tachycardia. Thus, relying on the most accurate pace map would have led to an inappropriate site for catheter ablation. For such macroreentrant arrhythmias, entrainment mapping (see below) must be used to identify sites critical to the reentrant circuit, i.e., a central common pathway. Although multisite data acquisition systems that involve multiple contact recordings (basket catheter) ( 170) or mathematically derived nonintact methodology (EnSite system) ( 171,172 and 173) can occasionally demonstrate the path of diastolic activation, all components of the diastolic pathway may not be in a protected isthmus or central common pathway. Therefore these technologies may not provide adequate targets for focal ablation, although



they may suggest targets for a larger series of lesions producing a line of block. If one's goal is to terminate and eliminate a ventricular tachycardia with ablation at a single site, at this point in time entrainment mapping offers the only way to direct such ablation. The methodology of entrainment mapping that was described in Chapter 11 will be reviewed in subsequent paragraphs.



FIG. 14-85. Failure of pace mapping to accurately locate isthmus of critical conduction during reentrant ventricular tachycardia associated with coronary artery disease. Panel A. (top) Shows the 12-lead of the ventricular tachycardia. Panel B. (middle) Shows the pace map during sinus rhythm from the site ultimately shown to be in the center of the isthmus at which successful ablation was carried out. Note that this QRS does not resemble that of the native tachycardia. Panel C. (bottom) Shows pace mapping from a site 2 cm lateral to the critical isthmus. Its morphology is identical to the tachycardia. These findings demonstrate the limitations of pace mapping. See text for discussion.



In the presence of unstable ventricular tachycardias, activation mapping and entrainment mapping are not possible. This is also true for transient arrhythmias. Multisite data acquisition systems as described above may provide useful information in such cases as to the earliest site of activation. However, these methodologies do not necessarily allow one to do a discrete ablative procedure. As such, ablation in these arrhythmias must be aimed at producing larger lesions to disrupt the potential circuit. Another methodology that has been employed recently is based on identification of the arrhythmogenic substrate in coronary artery disease. This substrate is defined by abnormal electrograms as defined by amplitude (voltage) and duration, particularly whether or not these electrograms are noted after the QRS (late potentials). These features of electrograms in coronary artery disease were described more than 15 years ago ( 176). At that time it was obvious that these abnormalities of electrograms extended far beyond the sites of exit of ventricular tachycardias. As such, abnormal electrograms were used for guiding surgical procedures in which these abnormal electrograms were encircled or removed in order to cure ventricular tachycardia ( 177,178). This semidirected surgical procedure had an 85% success rate. Recently, Marchlinski et al. ( 179) have used this concept to ablate poorly tolerated tachycardias, which were causing multiple ICD discharges. Using electroanatomical mapping to identify sites with low voltage ( .5 mv) to identify infarcted tissue, border zones (0.5–1.5 mv) and normal areas (1.5 mv), they devised a method of producing linear lesions from the center of the dense scar defined by low amplitude signals to the exit point identified by the closest pace map to the tachycardia. The linear lesions he created were able to prevent induction and clinical recurrence of tachycardias. We have also used the electroanatomical mapping approach to identify the substrate in coronary disease and have shown that the site of successful ablation in the central, common pathway is located in infarcted tissue with late activation, low voltage and late potentials ( Fig. 14-86). While either noncontact mapping or basket catheters might appear to be better techniques to identify arrhythmogenic substrates, neither has associated software to accurately locate the scar tissue (voltage) or the late activation. Moreover, an additional catheter is needed to ablate through or around the scar tissue that is identified by these techniques. In a study of a porcine model of infarction with inducible untolerated ventricular tachycardia, the Carto electroanatomic map provides the most accurate correlation with the anatomic scar when compared to these other technologies. Our approach to such arrhythmias will be discussed later in this chapter.



FIG. 14-86. Use of electroanatomic mapping to identify substrates of coronary artery disease. Electroanatomical mapping of a patient with ventricular tachycardia associated with an inferior posterior myocardial infarction is shown. Late potential mapping is shown in the top left in which purple represents the site of late potentials. The upper right is a map of electrogram duration with the longest durations being seen in red. Note that the longest durations are in a region similar to those of late potentials. In the lower left is a bipolar voltage map with red representing voltages of less than 0.1 mv. Purple represents voltages of greater than 5 mv. Yellow represents 1.5 mv above which everything is normal. Note that the abnormalities of voltage are also consistent with the abnormalities of activation and duration. Moreover, when ventricular tachycardia was mapped, the successful site of ablation was in the same area of the latest potential, the potential of longest duration and an area of lowest voltage. (See Color Fig. 14-86.)



Role of the ECG in Localization of Tachycardias Before a VT ablation is attempted, the investigator should have an idea of where the tachycardia might come from based purely on the ECG of the spontaneous or induced. It is thus imperative that all people doing ablations should be experts in electrocardiography. The ECG is capable of regionalizing the arrhythmia to areas less than 15–20 cm2, even in the most abnormal hearts. The ability to localize the origin of ventricular tachycardias by the surface ECG is greater in normal hearts than in abnormal hearts because of the absence of factors that can limit the accuracy of the ECG. These factors include fibrosis, infarction, metabolic abnormalities, prior surgery, aneurysms, and distortions of the chest wall that would otherwise alter the position of the heart relative to the chest wall. Notwithstanding these limitations, the ECG provides a “first best guess” as to where the tachycardia might come from. This is critical because it limits the area to be mapped by the investigator. This reduces the time spent in performing catheter ablations. The role of the ECG in localizing sites of origin of VT was described in detail in Chapter 11. There are some fairly simple general rules that should be applied. First, the presence of QS complexes in any lead suggests that the wavefront is moving away from that site, thus, providing a quick regionalization of where the tachycardia comes from. Thus, QS complexes in the inferior leads suggest the tachycardia is coming from the inferior wall. Those tachycardias that have Q waves in the midprecordial leads have tachycardias arising from the anterior wall, those with QS complexes in V 3–V5 arise at the apex and those with QS complexes including V 5 and V6 involve the lateral wall. Combination of Q waves in V 4–V 6 suggest apical lateral and LAD distribution if coronary disease is present; whereas, QS in V 5 and V6 associated with QS in the inferior leads suggest inferolateral infarction and disease either in the circumflex or right coronary artery, or both. The vast majority of LBBB-type tachycardias in the setting of coronary disease arise on or adjacent to the septum. In the absence of coronary disease they can originate in the right ventricle (idiopathic RV outflow tract tachycardia or right ventricular dysplasia) but can arise in either right ventricle or septum in myopathic states. On the other hand, right bundle branch block morphologies virtually always arise in the left ventricle. The narrower the QS complex, the more likely it is to arise near the septum and/or be associated with a normal heart. Idiopathic ventricular tachycardias which arise in the endocardium or mid-myocardium usually have rapid initial forces. Those VTs that arise on the epicardium are characterized by wider QRS complexes and slurred upstrokes. In general, the wider the VT QRS (in the absence of antiarrhythmic agents) the slower the intraventricular conduction. This situation typically takes place in the setting of a very scarred heart with VT arising from the free wall. The administration of antiarrhythmic agents with sodium channel blocking capabilities and/or the presence of metabolic abnormalities (hyperkalemia, acidosis) can produce extremely wide QRSs in either supraventricular or ventricular tachycardias. Characteristic ECG patterns of VTs arising at different locations in the left



ventricle in stable coronary artery disease have been described by our laboratory and are reviewed in Chapter 11. Catheter Ablation of Ventricular Tachycardia Associated with Coronary Artery Disease Coronary artery disease with prior myocardial infarction is the most common underlying substrate of sustained VT for which ablation is performed. These macroreentrant circuits involve both scar tissue and functional barriers through which the impulse circulates. In fact it is scar tissue separating viable myocytes that forms many of the circuitous and critical pathways in the reentrant circuits of such VTs. Stevenson et al. ( 180) have devised a simplistic scheme to help understand the various sites inside and outside of a reentrant circuit, and, more specifically, the sites to target for ablation. These are shown in Figure 14-87. As shown here, and explained in detail in Chapter 11, the reentrant circuit involves a central common pathway that is the target for ablation, as well as pathways attached to the central isthmus that are dead ends. Inner loop pathways can serve as a potential component of a new reentrant circuit should the central common pathway be ablated. The purpose of mapping is to define the central common pathway (i.e., protected isthmus) as the target site for ablation. Much has been made of whether this is a zone of slow conduction. Conduction through this central pathway may be normal or slow, but this is not important. Finding the protected isthmus is important, and success of ablation is independent of the speed of propagation of the impulse through that isthmus. The steps outlined in Chapter 11 include (a) finding the site of earliest activation closest to middiastole or continuous activity; (b) demon-strating that this diastolic electrogram bears a fixed relationship to the subsequent QRS despite spontaneous or pacing-induced oscillations by the tachycardia cycle length; (c) performing entrainment mapping to demonstrate an entrained morphology identical to the VT morphology, a stimulus to QRS approximately equal to the electrogram to QRS during the tachycardia (within 10 msec), and a postpacing interval equal to the ventricular tachycardia cycle length (within 10 msec) as long as the pacing is carried out at cycle lengths slightly shorter than the native tachycardia. If pacing is carried out too rapidly, delays in various components of the circuit may occur such that the postpacing interval and the stimulus to QRS may exceed the VT cycle length and electrogram to QRS during the tachycardia, respectively. Obviously, in order to accomplish activation mapping, the tachycardia must be present spontaneously or inducible. Which tachycardias to map is a matter of opinion. I prefer to target the spontaneous tachycardia or tachycardias originating in the same area at similar cycle lengths. I do not try to map and ablate all tachycardias that are induced. This is particularly true in patients who only present with stable tachycardias. These patients may have multiple, stable tachycardias, which may, depending on the investigator, be targets for ablation. However, the rapid untolerated tachycardias that may be induced in nearly 50% of such patients are not targeted for ablation in our laboratory. We have not found that such arrhythmias predict recurrences and sudden death due to these rapid arrhythmias.



FIG. 14-87. Ischemia of reentrant tachycardia due to coronary artery disease. The ischemia portrays a figure of a type of reentry that is formed by scar tissue. The central common pathway produces activation giving rise to the QRS. From the central common pathway can be bistandard dead-end pathways or bistandard pathways forming inner loops that connect to the central common pathway. (From: Stevenson WG, Khan H, Sager P, et al. Identification of reentry circuit sites during catheter mapping and radiofrequency ablation of ventricular tachycardia late after myocardial infarction. Circ 1993;88:1647–1670.)



We use the scheme as shown in Figure 14-88 as a basis for regionalizing the ventricular tachycardias associated with coronary artery disease, which by and large arise (or at least critical components of which arise) in the left ventricular endocardium. We have seen four cases of coronary artery disease-related VT that have had critical sites and successful ablation on the right side of the heart, but these sites fulfilled the same criteria as those on the left side, discussed below. The initial step in mapping ventricular tachycardias is to identify the earliest presystolic electrogram closest to middiastole. In general we focus our mapping to areas that, based on the QRS, are likely to yield presystolic sites. These presystolic sites are sites that have exited from the central common pathway to produce a QRS. Thus, if the onset of the QRS represents the exit to the mass of myocardium, activity prior to that may be within the central common pathway or in scar tissue around it. Based on intraoperative mapping studies ( 174,175), the time from the exit of the protected isthmus to the myocardium initiating the onset of the QRS may be as long as 50 msec. As such, we generally do not target sites that are less than 50 msec presystolic. The earliest sites closest to middiastole may appear as isolated middiastolic potentials, fragmented low amplitude signals only within diastole, or most commonly, fragmented signals that extend from diastole to systole. As noted in Chapter 11, unfiltered unipolar signals are not very helpful in scar-related tachycardias because far field activity frequently dominates the signal. This is shown in Figure 14-89 in which the early presystolic site ( 3) on the midseptum is 55 msec prior to the QRS in the bipolar recording, but is associated with a much later unipolar recording. Note that site 1-2 is also presystolic but is not as early. Unipolar filtered recordings may be useful to assure that the tip electrode, which is the ablation electrode, is responsible for the early component of the bipolar electrogram. Occasionally one can trace the diastolic pathway itself with careful mapping (see Fig. 11-201 in Chap. 11). This is uncommon. Just as uncommon is the recording of continuous electrical activity throughout diastole ( Fig. 14-90). As stressed in Chapter 11, “continuous” electrogram is significant only if one can demonstrate that it is not a passive electrogram whose duration equals a tachycardia cycle length, that it is required for initiation and maintenance of the tachycardia, and is localized ( 181,182).



FIG. 14-88. Sites of endocardial catheter mapping in the left ventricle.



FIG. 14-89. Map of ventricular tachycardia associated with coronary artery disease. Unipolar and bipolar recordings from selected sites during VT with a RBBB left superior axis morphology. The earliest endocardial activity was 65 msec before the QRS at the midseptum (site 3). Unipolar signals are not useful in determining early



sites, because electrical signals from the small number of fibers giving rise to diastolic activity are dominated by activation of more distant, larger muscle mass. See Chap. 11.



FIG. 14-90. Local continuous electrical activity during ventricular tachycardia. Ventricular tachy-cardia in a patient with coronary artery disease is shown. Proximal and distal bipolar recordings from a quadripolar catheter position on the septum are shown. During VT continuous fractionated activity is observed only in the distal recording. Note in sinus rhythm, the electrogram recorded from the bipolar pair that was continuous during VT is fractionated, of long duration (180 msec), and extends beyond the QRS. NSR = normal sinus rhythm. (From: Josephson ME, Horowitz LN, Farshidi A. Continuous local electrical activity: A mechanism of recurrent ventricular tachycardia. Circ 1978;57:659.)



Since all diastolic signals may not necessarily be part of a reentrant circuit and may reflect late activation from unrelated, dead-end pathways, other methods must be used to demonstrate that these diastolic signals (particularly those that are isolated) are part of the circuit. As carefully outlined in Chapter 11 the demonstration that a middiastolic electrogram maintains its morphology and bears a constant relationship to the subsequent QRS during spontaneous or pacing-induced changes in cycle length suggests that the electrogram is orthodromically activated during the tachycardia. If concealed entrainment can be shown at that site (see below) or a single extra stimulus can reset the circuit from that site with a morphology identical to the VT and with a return cycle length and stimulus to QRS equal to the VT cycle length and electrogram to QRS, respectively, the electrogram is not only in the circuit, but in the isthmus. It is the response of over-drive pacing or single extrastimuli that is most useful in demonstrating that an electrogram is not only in the reentrant circuit, but is within the central common pathway that is the target of ablation. The first and simplest finding that would suggest one is within or adjacent to the isthmus is that the QRS during entrainment is identical to that of the ventricular tachycardia. Identical means 12 out of 12 leads that match the VT QRS, including amplitude and notches. The concept of a “pretty good” or “10 out of 12” is fallacious. An example of an entrainment map that is identical to the tachycardia is shown in Figure 14-91. The differences in QRS morphologies can be very subtle. This is seen in Figure 14-92 in which leads 2, 3, and AVF show deeper QS waves and smaller terminal R waves than during VT. Subtle differences in QRS amplitude are important because this suggests one is near the exit site but not within the isthmus. If one is outside the central common pathway (or protected isthmus) but still within the reentrant circuit, entrainment will produce a QRS that is slightly different from the ventricular tachycardia but the return cycle will approximate the VT cycle length ( Fig. 14-92). On the other hand, as shown in panel B of this figure, if the electrogram is outside the reentrant circuit, not only will the QRS differ from the ventricular tachycardia QRS, but the return cycle will be longer than the tachycardia cycle length. Another example of pacing outside the tachycardia circuit is shown in Figure 14-93. In this case, entrainment of ventricular tachycardia associated with an inferior wall infarction from the local left ventricular site produces a QRS that is slightly different than the native ventricular tachycardia QRS and has a return cycle that exceeds its ventricular tachycardia cycle length by 60 msec.



FIG. 14-91. Example of exact entrainment map. Ventricular tachycardia is shown on the left. Entrainment of that ventricular tachycardia is shown on the right. Note that the QRS morphology in all 12 leads is identical with comparable notching and amplitudes. See text for discussion.



FIG. 14-92. Response to overdrive pacing on the left. 12-lead tachycardia has a right bundle, right superior axis morphology in this patient with inferior infarction. Panel A. Ventricular pacing at a diastolic site. The QRS has a similar morphology but careful analysis showed subtle but distinct differences from that of the tachycardia. Leads II, III and AVF show deeper QS waves and small terminal R waves. Leads V 5 and V6 also showed no R waves that are seen during the tachycardia. Panel B. Schematically shown is pacing from within the tachycardia circuit, but outside the central common pathway. This produces differences between the paced morphology and the tachycardia morphology but a return cycle approximating that of the VT cycle. See text for discussion. Panel C. When the patient site is outside the reentrant circuit, not only will the paced morphology be markedly different than the tachycardia morphology, but the return cycle will exceed the tachycardia cycle length. See text for discussion.



FIG. 14-93. Analog recordings during overdrive pacing from a site outside the reentrant circuit. Ventricular tachycardia is present in a patient with an inferior myocardial infarction. Pacing a site outside the tachycardia circuit produces a QRS that is distinctly different from the tachycardia. In addition, the post-pacing interval exceeds the tachycardia cycle length by 60 msec.



The third criteria for identifying a central common pathway is the stimulus to QRS, which equals the electrogram to QRS. If the electrogram is from a site in the central common pathway, the stimulus to QRS should equal the electrogram to QRS, the VT morphology will be the same as the paced morphology, and the return cycle will equal the tachycardia cycle. An example in which all three criteria are met is shown in Figure 14-94, panels A, B, and C. In panel A, the return cycle is identical to the tachycardia cycle and the stimulus to QRS equals the electrogram to QRS. In panel B, one can see that the morphology of the entrained QRS equals the tachycardia QRS, and in panel C, once all three criteria are met, application of RF energy immediately terminates ventricular tachycardia. Another example of the use of these three criteria to identify the central common pathway is shown in Figure 14-95. In panel A, ventricular tachycardia with a right bundle branch block superior axis is seen. The cycle length of 442 msec and the electrogram to QRS is 115 msec. Entrainment mapping shows a morphology equal to the tachycardia morphology, a return cycle equal to the tachycardia cycle, and a stimulus to QRS virtually identical to the electrogram to QRS. Application of radiofrequency energy at this site terminates the tachycardia in three and a half seconds (panel B).



FIG. 14-94. Results of an entrainment map from a site in the central common pathway. Panel A. Shows a 12-lead electrocardiogram of ventricular tachycardia with a right bundle and identical 12-lead ECG as the tachycardia and the return cycle equal to the tachycardia cycle. The stimulus to QRS is 155 msec. Panel B. The intracardiac recordings demonstrate that the local electrogram precedes the onset of the tachycardia by 155 msec, demonstrating an identical stimulus to QRS as the electrogram to QRS. Moreover, the relationship of the RV electrogram to the stimulus spike is identical to the RV electrogram and the presystolic/diastolic potential. Panel C. Since all entrainment criteria are met, RF energy is delivered at the site that results in termination of the tachycardia in 1.5 seconds. The tachycardia could no longer be inducible and the patient is free of ventricular tachyarrhythmias for 10 months.



FIG. 14-95. Effectiveness of all entrainment criteria to guide ablation. Panel A. Ventricular pacing is being carried out at a presumed site in the central common pathway. During entrainment the QRS approximates that of the tachycardia. The stimulus to QRS and return cycle also are nearly identical to the electrogram to QRS during a tachycardia and VT cycle length. Panel B. RF application at this site terminates the tachycardia in 3.5 seconds. Following ablation, the tachycardia was no longer inducible. The patient has been free of ventricular tachycardia for 7 years, off medications.



A small percentage of ventricular tachycardias associated with prior infarction with a QRS morphology of left bundle branch block may have the central common pathway identified on the right side of the septum. We have seen four such cases in which successful ablation was carried out from a site on the right ventricular septum that demonstrated concealed entrainment. An example is shown in Figure 14-96 in a patient with an old inferior infarction. The patient had incessant VT and was in cardiogenic shock on a balloon pump. He had already had an ICD placed for prior cardiac arrest. No left ventricular site could be found that produced a paced QRS during entrainment that was identical to the VT QRS. Pacing on the right side of the septum produced a QRS identical to that of the tachycardia (panel A). The return cycle was slightly longer than the tachycardia cycle length (20 msec) because pacing was carried out at too rapid a rate (70 msec less that the VT cycle length). Nevertheless, the stimulus to QRS equalled the electrogram to QRS suggesting that the delay was occurring at the entrance to the central common pathway. Not only did the stimulus to QRS equal the electrogram to QRS, but also the morphology of the stimulated electrogram was identical to the native electrogram. In addition, the right ventricular reference electrogram had both the same relationship to the stimulus as it did to the onset of the native electrogram. Because of these findings, RF energy was applied. At 1.8 seconds after the onset of delivery of radiofrequency energy the VT terminated and the patient's ICD pacing therapy took over control of the cardiac rhythm (panel B). Occasionally, a macroreentrant circuit can be demonstrated with an impulse circulating around the edge of an aneurysm. This most often happens with inferior infarction in which the isthmus between the infarct and the annulus serves as the protected central common pathway of tachycardias that can go clockwise or counterclockwise. We recently saw a large inferoseptal aneurysm associated with ventricular tachycardia in which the earliest LV electrogram was recorded as an isolated diastolic potential just superior to the upper border of the aneurysm on the septum, 2 cm below the aortic valve ( Fig. 14-97). In addition, an equally early site was observed at the His bundle recording site. Entrainment mapping from the His bundle recording site produced a perfect entrainment map with the return cycle equal to the tachycardia cycle and a stimulus to QRS equal to the electrogram to QRS. Pacing from the earliest left ventricular site also produced a QRS identical to the VT QRS, with an identical return cycle to the tachycardia cycle length and an identical simulus to QRS as the electrogram to QRS. Electroanatomic mapping delineated the large inferoseptal aneurysm and demonstrated a macroreentrant circuit around this giant aneurysm. A single lesion delivered just at the superior edge of the septal border of the aneurysm terminated the tachycardia and left A–V conduction intact.



FIG. 14-96. Role of entrainment in determining the need for a right-sided ablation in a patient with ventricular tachycardia associated with coronary artery disease. Panel A. Ventricular tachycardia is present on the right at a cycle length of 595 msec with the earliest activation being recorded from the right ventricular septum 100 msec prior to the OS of the QRS. Pacing at this site at a rapid rate (cycle length 525 msec) does not alter the electrogram morphology, stimulus to QRS, but the return cycle is slightly prolonged to 615 msec as a result of the short paced cycle length. The entrained QRS is identical to the tachycardia QRS. Panel B. Based on the excellent results of entrainment meeting all three criteria, RF energy was applied to this right ventricular septal site and in 1.8 seconds, VT was terminated. The patient's own ICD immediately took over ventricular pacing. The patient has not had a recurrence in three years.



FIG. 14-97. Macroreentrant ventricular tachycardia around the ventricular aneurysm. Panel A. A patient with a large ventricular aneurysm secondary to an old inferior infarction presented with incessant ventricular tachycardia. Mapping of the left ventricle showed the earliest site of activation to be a middiastolic potential 135 msec prior to the QRS located approximately 2 cm below the aortic valve and 1 cm medial to the mitral valve. Of note is that the ventricular electrogram in the His bundle recording site demonstrated equally early activity. The His bundle electrogram was recorded less than 4 mm away from the left ventricular diastolic potential. Panel B. Entrainment mapping from the left ventricular site (as well as the His bundle site) produced an exact entrainment map. The paced QRS was identical to the VT QRS and the return cycle was identical to the tachycardia cycle. The stimulus to QRS was also identical to the electrogram at the onset of the QRS during the tachycardia. Panel C. Electroanatomical mapping defined the borders of an aneurysm ( tan circles) and demonstrated reentrant excitation around this aneurysm. Panel D. Because all three criteria were met in the left ventricle as well as at the His bundle recording site, it was elected to ablate at the left ventricular site to prevent the possibility of heart block. RF energy delivered at this single site terminated tachycardia and made it noninducible. The patient has been free of arrhythmias for 5 months off all medications. (See Color Fig. 14-97)



The electrical anatomic mapping system (Biosense, Cordis Webster Inc.) allows one to define the size of the isthmus by identifying all the sites in which concealed entrainment can be demonstrated. In Figure 14-98 areas of concealed entrainment (green circles) existed over an area of 1.4 cm in length and 0.5 cm in width. A lesion placed near the exit of this isthmus terminated the tachycardia immediately. Where termination occurs can be identified by assessing the effect on local electrograms. In Figure 14-99, RF energy terminates ventricular tachycardia after the middiastolic signal and prior to the exit site. This confirms that the block occurred proximal to the exit site from the isthmus. We normally deliver RF energy for two minutes at the site at which the tachycardia is terminated and then test to see if the tachycardia is still inducible. If the tachycardia is not inducible no further lesions are given. Occasionally, additional lesions are given at the same site if late potentials are seen. An example of such ablation is shown in Figure 14-100. In panel A ventricular tachycardia is present and the target ablation site is shown with an isolated middiastolic potential preceding the QRS by 145 msec. Both the distal and second poles demonstrated this middiastolic potential, which was slightly earlier in the distal tip. RF energy delivered at this site immediately terminated the tachycardia. The sinus complexes that were recorded in the same electrograms demonstrated a late potential. An additional 2-minute application of radiofrequency energy was delivered at the same site, which resulted in loss of the late potential. Stimulation at that time revealed no inducible arrhythmia. The patient has been free of arrhythmias for two years on no medicines.



FIG. 14-98. Use of electroanatomic mapping to define the size of the central common pathway in reentrant ventricular tachycardia due to coronary artery disease. The electroanatomic map of ventricular tachycardia is shown in the posterior view. Red is the earliest site of activation using a generally second isochronic map. The sites at which concealed entrainment could be fulfilled are shown with green dots ( small arrows). Pink dots represent sites at which criteria were not met for concealed entrainment. Ablation was carried out at the site of concealed entrainment that appeared most distal in the central common pathway (closest to the onset of the QRS). Ablation at this site terminated the tachycardia instantly. The dimensions of the isthmus were 1.4 cm long by 0.5 cm wide. It is also of interest that the time spent in the central common pathway was rather brief, suggesting that conduction velocity was normal as the impulse went through the isthmus. Slower conduction appeared at turning points. See text for discussion. (See Color Fig. 14-98.)



FIG. 14-99. Site of block in the reentrant circuit reduced by RF application. During ventricular tachycardia, middiastolic potential was observed ( small arrow). This site demonstrated concealed entrainment. Ablation at this site terminated tachycardia by blocking between this diastolic site and a systolic electrogram. This suggested that block occurred between the central common pathway and the exit site of the tachycardia circuit. See text for discussion.



FIG. 14-100. Use of repeat application of radiofrequency energy at the ablation site to eliminate persistent late potentials. Ventricular tachycardia with a right bundle left superior axis is present. The site of earliest activation is shown in this panel. An isolated middiastolic electrogram was present 145 msec prior to the onset of the QRS and appeared in both the distal and second pole of the ablation catheter (left panel). Concealed entrainment criteria was met at this site. Delivery of RF energy at this site immediately terminated the tachycardia. After completion of two minutes of RF application, small late potentials were still observed in all bipolar recordings and in the distal unipolar recording (middle panel). An additional one minute of RF energy application was applied, which resulted in loss of the late potentials (right panel). No tachycardia was inducible at the end of the study. The patient has been free of ventricular tachyarrhythmias for 18 months.



Recently there has been an increasing interest in the use of epicardial mapping. This has resulted from the observation at surgery that a subgroup of patients with blotchy infarctions and no aneurysms, usually on the inferior wall, have early activity noted on the epicardium ( 183,184 and 185). This probably represents, at most, 5%–10% of VTs. Sosa et al. (186) have used intrapericardial mapping of the heart and inferior wall infarction and have been able to successfully apply RF energy to middiastolic sites (Fig. 14-101). These investigators could not perform entrainment mapping for unclear reasons, nor did they simultaneously map the endocardium. Nevertheless, the ability in certain patients to use an epicardial approach via the pericardium has advantages in terms of catheter-stability, absence of stroke risk, absence of vascular injury, and absence of requirement for and complications of anticoagulation. Further experience with this technique would be needed to evaluate its role in the future.



FIG. 14-101. Use of intrapericardial mapping to locate an epicardial source of an arrhythmia. Intrapericardial introduction of ablation catheter in a patient with ventricular tachycardia due to an old inferior infarction is shown. The epicardial flow detects a middiastolic potential 100 msec prior to the QRS. Application of radiofrequency energy at this site terminates the ventricular tachycardia in six seconds. See text for discussion. (From: Sosa E, Scanavacco M, d'Avila A, et al. Nonsurgical transthoracic epicardial catheter ablation to treat recurrent ventricular tachycardia occurring late after myocardial infarction. J Am Coll Cardiol 2000;35(6):1442–1449.)



The success rate of catheter ablation varies depending on the series ( 180,187,188,189,190,191,192,193 and 194). Although some investigators (195) suggest that the postpacing interval is not important, they fail to recognize the requirement for multiple parameters to be met, and not just the postpacing interval. Others ( 193,196) suggest that any site with a long stimulus to QRS time is a useful target. I believe these individuals are also in error since any stimulation in a scar will lead to a long stimulus to QRS time but not necessarily in the central common pathway. In our experience, if all the criteria are met there is greater than a 90% chance of terminating the tachycardia with a single site ablation ( 194). This may mean using 2–4 minutes of RF applications at the same site, but it is at a single site. The reinducibility rate of the targeted arrhythmia is less than 10%. Moreover, in analyzing the results of ablation when all three criteria are presenting, nearly 80% of the tachycardias are terminated within 10 seconds. The fact that termination occurs so quickly not only attests to the accuracy of those techniques, but supports a subendocardial location for the critical sites in the reentrant circuit since the depths of penetration of an RF lesion is probably less than 2 mm at that short period of time. In general, the success rate appears to be 70% to 75% with a 25% to 40% recurrence rate ( 180,186,187,188,189,190,191,192,193 and 194). Our recurrence rate is 25% in two years. While there are some who suggest that all tachycardia morphologies should be targeted for ablation, I think it is reasonable to target tolerated tachycardias arising from a similar area as a clinical tachycardia. We have not found rapid tachycardias that are untolerated to be clinically meaningful in patients who present only with tolerated tachycardias. If the patient is on drugs at the time of the ablation, one must maintain the drugs because the ablation actually should be considered a form of hybrid therapy in combination with the drug. Since the incidence of sudden death is so low in patients with tolerated tachycardias (see Chap. 11), we generally do not implant ICDs unless there are recurrent ventricular tachycardias and the patient doesn't want to undergo further ablations and wishes to use the antitachycardia pacing capabilities to treat his arrhythmias. Approximately 25% of our patients with stable VT have had ICDs implanted. The primary region for these ICDs is recurrent tachycardias and the wish not to have further ablations or the necessity to stop amiodarone because of side effects. It is of interest that single lesions sometimes eliminate multiple morphologically distinct tachycardias that have been induced. This suggests that several tachycardias can share a central common pathway with different exits from that pathway leading to different QRS morphologies. If the “clinical tachycardia” occurs, it is invariably at a longer cycle length. The mechanism by which this can occur is schematically shown in Figure 14-102. The RF lesion may in fact slow conduction and not block conduction in the central common pathway because the width of the pathway exceeds the size of the RF lesion. Another possibility is that the lesion increased the length of the central common pathway by increasing the barrier around which the impulse was circulated. If this occurs without changing the exit, the cycle length increase would be due to a change in length of the pathway. A third explanation would be that the RF lesion was actually successful, but an inner loop, which was present and not part of the primary reentrant circuit, becomes an active participant in a new longer circuit that has the same exit site as the original tachycardia. If tachycardias with different morphologies than the spontaneous tachycardia occur, it is usually one of the inducible tachycardias from the same region. We believe this most often reflects either different exit sites or different potential reentrant circuits in the same area of infarction. This has led some investigators to propose “insurance” burns around the initial lesion in an attempt to empirically prevent these other rhythms. I do not share the same enthusiasm for this approach, since any additional lesion, particularly one that is unguided, is as likely to lead to injury or stroke as it is to prevent arrhythmias.



FIG. 14-102. Potential mechanisms of recurrent ventricular tachycardia post-RF ablation with the same morphology as preablation. On top is a proposed reentrant circuit with the main reentrant loop going through the right channel. An inner loop is shown on the left of the common pathway, shown in a stippled color. In the lower panels are three distinct mechanisms for the phenomenon of recurrence with the same morphology. In the lower left, failure to ablate the arrhythmia has taken place because of inadequate lesion size to a wide isthmus. In the middle panel, the ablation of the common pathway did work, but the inner loop now became active, producing a second reentrant pathway with the same exit. In the lower right, the ablation extended the barrier of the common pathway, increasing the size of the reentrant circuit while maintaining the exit sites. See text for discussion.



Patients who present with unstable tachycardias, a phenomena that is becoming far more common in this era of primary angioplasty and thrombolysis, presents a great challenge to the electrophysiologists. Obviously they are too unstable to map in the usual manner. Ablation of nontolerated tachycardias that are monomorphic can be approached in several different ways: (a) the patient can be placed on cardiopulmonary bypass and the tachycardia ablated using mapping techniques described above; (b) multisite data acquisition systems can be used (basket catheters, noncontact mapping) to get an idea where the critical areas might be during the initial seconds of the tachycardia; (c) the pathophysiologic substrate can be defined and can either be encircled or ablated based on a combination of the voltage map and a pace map approximating the tachycardia morphology to identify the exit site. Whether or not to use of late potentials in addition to or instead of voltage to guide the linear lesions is unknown. The noncontact mapping system would theoretically appear to have a distinct advantage over other methods since within a single beat information regarding a substrate could be obtained. However, this technique has not been validated for identifying the substrate of unmappable tachycardias associated with coronary artery disease. Currently there is no voltage algorithm that is useful. The Carto system on the other hand provides anatomically correct identification of scar tissue using the voltage mapping. Prior infarct (scar) is defined by bipolar voltage is less than 0.5 mv; normal voltages exceed 1.5 mV. Border zones exist in between. We have recently performed a series of experiments in a porcine model of infarction and inducible rapid monomorphic tachycardia. The Carto electrical-anatomic map very precisely identified the scar as seen pathologically at autopsy. The EnSite noncontact system, however, suggested that larger areas of the myocardium were infarcted than was documented at autopsy. This included significant areas where no infarct was identified. This may be a problem inherent in this system that mathematically derives signals. If a papillary muscle lies in between the noncontact probe and the free wall of the ventricle, the derived potential would be a sum of the potentials that the probe sees and will not reflect a single source of potential. Further work by the designers of the EnSite system hope to resolve this issue, although there are many who remain skeptical. Clearly, however, the EnSite system is very useful in identifying the exit site of a ventricular arrhythmia to the normal myocardium in one beat and in many cases gives a clue to the diastolic pathway. Linear lesions transverse to the diastolic pathway may be all that is necessary to prevent arrhythmias. Currently there is a significant body of experience using the electrical anatomic mapping sytem to perform linear lesions through an identified substrate in patients with coronary disease. Marchlinski et al. ( 179) has used this technique to make linear lesions in patients receiving excessive shocks with ICDs. We also have used this system in patients with untolerated tachycardias. An example of a patient who had an untolerated tachycardia whose pace map (exit site) was in the midseptum and whose scar was inferoseptal is shown in Figure 14-103. We are in the midst of a trial comparing substrate ablation guided by the Carto system versus standard therapy (ACE inhibitors and beta-blockers) in patients with coronary disease suffering from cardiac arrest. All monomorphic tachycardias induced will have pace maps to match to the 12-lead morphology of the tachycardia as closely as possible. RF energy will then be delivered in a linear fashion from the dense part of the scar through the site of the best pace map (exit site). An example of a patient in whom we evaluated delayed activation, late potentials, and voltage along with pace mapping is shown in Figure 14-104. We used a voltage map to guide the lesions that were made from the exit site (the site of best pace map) to the dense scar and a perpendicular lesion along the length of the dense scar. If only polymorphic tachycardias are induced, encirclement of the entire scar would be required. Whether or not this is feasible is uncertain. What is clear is that we need better tools to deliver energy that is nonthrombogenic. Whether cool-tip catheters can provide deeper yet less thrombogenic lesions is uncertain. The role of cryoablative therapy or other forms of energy has yet to be determined.



FIG. 14-103. Use of substrate mapping and pacing mapping to guide ablation of untolerated tachycardia. An electroanatomic bipolar voltage map is shown in a patient with an inferior infarction with inferior and lower septal scar in whom ventricular tachycardia caused a cardiac arrest. Pacing identified an exit site that produced a QRS close to that of the tachycardia. This occurred at the border zone of the voltage map. Voltage in red are sites that are less than 0.3 mv, voltage in blue is a border zone at 1–1.25 mv, and voltage in purple is greater than 1.5 mv. A linear lesion was made through the exit site to the dense scar at the inferoseptal junction. The patient has had no recurrent arrest and short-term problems. (See Color Fig. 14-103 .)



FIG. 14-104. Use of activation map, late potential map and voltage map to guide linear ablations for untolerated ventricular tachycardia. This patient had an inferoposterior infarction. All views are of the inferoposterior wall. On the top left is an activation map that showed latest activation in the midinferior wall. In the upper right is a late potential map in which the latest activation is also shown in purple. Again it coincides with the activation map. A voltage map was performed and shown in the lower left. Red indicates voltages less than 0.3 mv, the border zone is defined in blue between 1.25 and 1.5 mv, and normal tissue in purple exceeds 1.5 mv. Note that the whole inferior wall, which includes the late activation and late potential map site, is low voltage representing scar tissue. The pink dot represents the best pace map obtained in this patient. Note that it was between the border zone and the deepest part of the scar. A linear lesion was made from the border zone through the site of best pace map to the dense scar. A perpendicular lesion was also made through the dense scar. This patient has had no recurrent arrhythmias in



six months. (See Color Fig. 14-104 .)



Role of Catheter Ablation in the Treatment of Ventricular Tachycardia Associated with Right Ventricle Dysplasia Right ventricular dysplasia is a primary cardiomyopathy characterized by fibro-fatty replacement of the right ventricular free wall and in some patients the left ventricle as well. The disorder may be familial and several point gene mutations have been observed. Once fibro-fatty replacement has been significant and patients present with tachycardias, they are typically macroreentrant tachycardias, and as such, mapping follows the same guidelines as in coronary disease. Electrograms recorded in sinus rhythm in diseased areas are markedly fractionated and are of low amplitude (see Chap. 11). These patients have the most abnormal signal-averaged ECGs. The latest activation usually is at the base near the tricuspid annulus, but fragmented delayed activation can be obtained all over the free wall of the right ventricle. There are three general areas that are most markedly affected: these include the outflow tract, the apex, and the base near the tricuspid annulus. These diffuse abnormalities can be easily detected as low voltage along the free wall of the right ventricle ( Fig. 14-105). Entrainment mapping should be carried out as in coronary disease (197 and 198). If the entrainment mapping criteria described in Chapter in 11 and earlier in this chapter are fulfilled, ablation is usually successful ( Fig. 14-106). However, because of the diffuse disease, reentrant circuits may show a broad isthmus and good entrainment maps can be seen over a very large area. This finding suggests single site ablation may not be effective and linear lesions over the isthmus or diastolic pathway are required ( Fig. 14-107). Substrate mapping in such cases can be used to identify late potentials or voltage abnormalities that may guide therapy. Low voltage seems to be less useful in right ventricular dysplasias as a marker for ablation since it is so ubiquitous. Moreover, areas of late potentials may be distal to areas of low voltage, yet may be critical. As seen in Figure 14-108, ablation across an isthmus created by two scars in which late potentials were recorded was successful in preventing VT in a patient with right ventricular dysplasia. Note that the site of late potentials lies in between two areas of thin scar forming a narrow isthmus, while the low voltage area is somewhat anterior to this and would not have provided a good site for ablation. We have successfully ablated ventricular tachycardias in eight patients with right ventricular dysplasia. In five of these, entrainment mapping was used to guide the ablation. In the remaining three, due to extensive disease, substrate mapping was used. While there remains some fear of perforation during ablation of patients with right ventricular dysplasia, we have not experienced any untoward effects. Five of the patient who were ablated on antiarrhythmic drugs have maintained their antiarrhythmic therapy while three have stopped all medications. Only one patient has had an ICD implanted; this patient also had hypertrophic obstructive cardiomyopathy. None of the patients have had a recurrence of the ablated VT. It must be stated that since right ventricular dysplasia is a progressive disease, new ventricular tachycardias may occur. This happened in two of our patients, both of whom underwent a second ablation. As in coronary disease, the presentation of a tolerated monomorphic ventricular tachycardia predicts tolerated recurrences. Therefore, we do not routinely implant ICDs in such patients.



FIG. 14-105. Voltage map of the right ventricle and arrhythmogenic right ventricular dysplasia. PA and RAO view of a voltage map in a 35-year-old-man with arrhythmogenic right ventricular dysplasia. The red areas are all areas of abnormally low voltage consistent with fibro-fatty replacement of the myocardium. Purple areas are normal. Note that the apex and basal free wall, as well as the posterior region around the outflow tract, show marked abnormalities of voltage. Right ventricular aneurysm and dyskinesis was present in all of these areas. The patient presented with multiple recurrent sustained ventricular tachycardia. See text for discussion.(See Color Fig. 14-105 .)



FIG. 14-106. Ablation of ventricular tachycardia in arrhythmogenic right ventricular dysplasia guided by entrainment mapping. In the top panel (A) an entrainment map from a site judged to be in the isthmus is shown. On the bottom ( B), application of radiofrequency energy at this site terminates VT. See text for discussion.



FIG. 14-107. Requirement of a linear lesion to treat ventricular tachycardia in arrhythmogenic right ventricular dysplasia. An electroanatomic map of a reentrant ventricular tachycardia and right ventricular dysplasia is shown. A broad reentrant wavefront was observed. As a consequence a linear line between the latest area of activation and the earliest area of activation was made. This terminated the tachycardia and prevented its recurrence. (See Color Fig. 14-107 .)



FIG. 14-108. Use of late potentials and scar to guide ablation in right ventricular dysplasia. An electroanatomic map of sinus rhythm is shown in a patient with right ventricular dysplasia. In the activation map, gray areas are scar, late potentials are denoted. The area of late potentials had relatively normal voltage. The voltage map demonstrates low amplitude superior to the scar and late potentials. Connection of the scar and ablation at the site of the late potentials was successful in preventing ventricular tachycardias. See text for discussion. (See Color Fig. 14-108 .)



The Role of Catheter Mapping and Ablation of Idiopathic Ventricular Tachycardias There are two main types of idiopathic ventricular tachycardias. The most common variety is due to triggered activity secondary to delayed afterdepolarizations, which are dependent on enhanced adenyl cyclase activity ( 199,200,201,202 and 203). This is usually catecholamine-dependent but is also influenced by phosphodiesterase inhibitors and removal of inhibitors of adenyl cyclase activity (e.g., atropine blockade of negative influences of muscarinic stimulation). Enhancement of adenyl cyclase and cyclic AMP increases intracellular calcium influx by enhanced phosphorylation of the L-type calcium channel. This in turn leads to calcium release from the sarcoplasmic reticulum, enhanced sodium calcium exchange, and a transient inward current carried by sodium to produce the delayed afterdepolarizations. Conversely, termination can be facilitated by a variety of vagal maneuvers including carotid sinus pressure and valsalva maneuver, administration of adenosine, calcium channel blockers, or sodium channel blockers. However, since these arrhythmias frequently arise in otherwise healthy patients, and since the treatment requires long-term therapy with beta-blockers at reasonably high doses often with another agent, patients frequently opt for catheter ablation. These tachycardias usually arise in the right ventricular outflow tract, but a left ventricular outflow tract variety has also been described. Common RV sites seen in our laboratory are schematically shown in Figure 14-109.



FIG. 14-109. Schema of sites of origin of idiopathic right ventricular outflow tract tachycardia. These tachycardias can occur anteriorly or basally in the right ventricular outflow tract. The site of earliest activation influences the morphology of the ventricular tachycardia. See text for discussion.



Catecholamines are often necessary to facilitate a sustained arrhythmia, which can then be mapped. These tachycardias have a left bundle branch block and either right inferior or left inferior axis, depending on their location in the right ventricular outflow tract. As described in Chapter 11, the closer the site of impulse formation is to the pulmonic valve, the more rightward and inferior the axis. The more posterior and inferior the site of impulse formation, the more leftward the axis. These morphologies serve as a guide to the initial site of activation mapping ( 200). Several approaches to mapping of this tachycardia have been used. My own opinion is that a combination of mapping techniques is important. We use activation mapping using bipolar and unfiltered unipolar recordings. We also use pace mapping. The earliest bipolar recording in which the distal tip shows the earliest negative intrinstical deflection (QS deflection) is taken as the site of impulse formation. This is additionally confirmed by demonstrating an identical 12-lead match with a pace map. An identical pace map is useful because it is a focal tachycardia. Both methods are used because a QS unipolar recording and identical pace mapping can be demonstrated over a region of 1–1.5 cm, therefore, the more confirmatory information, the more likely the site of impulse formation falls within the range of the RF lesion produced. The occurrence of a very slurred upstroke and wide QS complex suggests the possibility of an epicardial site of origin or an intraseptal site of origin. Occasionally, mapping from the crest of the septum from within the coronary sinus reveals the earliest site of activation. An example of a bipolar signal and unipolar signals from the site of earliest activity in an RV outflow tract tachycardia is shown in Figure 14-110. The distal mapping bipolar electrogram is 65 msec prior to the onset of the QRS. The associated unipolar electrograms demonstrate an earlier negative intrinsic deflection in the distal pole and the proximal pole. Radiofrequency application at this site immediately terminates the tachycardia (Panel B in Fig. 14-110). An example of an identical pace map in an RV outflow tract tachycardia is shown in Figure 14-111. RF ablation at this site at which the earliest bipolar recording was 58 msec before the QS and was associated with a QS deflection in the unipolar recording, terminated the tachycardia in 3 seconds ( Fig. 14-112). Epicardial mapping via the pericardium, coronary sinus, or retrograde aortic approach has demonstrated some sites of origin at the crest of the septum in or under the coronary cusps (204,205).



FIG. 14-110. Bipolar and unipolar recordings in a patient with right ventricular outflow tract tachycardia. Panel A. ECG leads of ventricular tachycardia are shown simultaneously with the distal bipolar mapping catheter and unipolar recording from the distal and second pole of the ablation catheter. The distal mapping catheter records electrical activation 65 msec prior to the onset of the QRS. In addition, the tip electrode has the earliest unipolar deflection, which proceeds out of the second pole. Panel B. Application of RF active site terminates the arrhythmia virtually instantaneously. There has been no recurrence in two years' follow-up.



FIG. 14-111. Role of pace mapping in localizing the site of origin in idiopathic RV outflow tract tachycardia. Panel A shows ventricular tachycardia and ( B) demonstrates an identical pace map from the earliest site of activation.



FIG. 14-112. RF application of idiopathic RV outflow tract tachycardia. This patient is the same as that described in Fig. 14-110. Surface ECG leads along with additional right ventricular leads and bipolar and unipolar electrograms from the site of origin are displayed. Application of RF energy terminates the arrhythmia within 3 seconds. There has been no recurrence.



As noted earlier, catecholamine-triggered ventricular tachycardia can also occur at the left ventricular outflow tract. These tachycardias behave similarly to those in the outflow tract and are often repetitive and made worse on exercise. These tachycardias arise near the mitral ring close to the coronary arteries and are often epicardial ( 204,205). Attempted ablation from the distal-most coronary sinus or aortic cusp must be performed with caution in view of the potential damage of the adjacent coronary artery. Careful endocardial and epicardial mapping must be performed to decide where the ablation should be delivered. Activation mapping and pace mapping are carried out as described for the right ventricular outflow tract. An example of an LV outflow tract tachycardia that was found to be endocardial is shown in Figure 14-113 (Panels A–D). Repetitive monomorphic tachycardia with the characteristic right bundle (with positive concordance in the precordium), right inferior axis morphology is shown in panel A. The tachycardia had an earlier left ventricular endocardial bipolar electrogram than the simultaneously recorded epicardial left ventricular electrogram from the coronary sinus. Earliest activity was seen 35 msec before the QS. A pace map from that site revealed an identical QRS to the tachycardia (panel C) and ablation at that site eliminated all the tachycardia and sustained arrhythmias within seconds. The patient has been free of arrhythmias on no medications for four years. Patients with organic heart disease, particularly hypertrophic ventricles, may also experience triggered rhythms. An example of a triggered rhythm originating from the lateral wall of the left ventricle adjacent to the papillary muscle in a patient with hypertensive cardiomyopathy is shown in Figure 14-114. The earliest endocardial electrogram is 78 msec before the QRS and is associated with a sharp negative intrinsic deflection. Radiofrequency energy delivered at that site terminated the arrhythmia after three seconds. The patient has been free of arrhythmias and on no medications for nine years. The range of activation times at the earliest site of triggered rhythms ranges from 25–90 msec, the latter only occurring in the presence of organic heart disease.



FIG. 14-113. Repetitive monomorphic tachycardia from the left ventricular outflow tract. Panel A. Shows repetitive bouts of monomorphic tachycardia with a right bundle, right inferior axis and positive concordance in the precordial leads. Panel B. Demonstrates the endocardial earliest site in the LV preceded the earliest site recorded in the coronary sinus. Panel C. Demonstrates that pace mapping from the endocardial site that replicates the tachycardia morphology. Panel D. Shows RF application at this site that eliminated all episodes of repetitive monomorphic tachycardia. The patient has been free of symptoms and tachycardia off antiarrhythmic agents for 6 years.



FIG. 14-114. Ablation of ventricular tachycardia due to triggered activity in a patient with hypertensive cardiomyopathy. A. VT with an REBB pattern is shown. The earliest mapped site came from the posterolateral free wall (7–8–9–10) and was 78 msec before the ORS. Bipolar and unipolar (pole #2) electrograms recorded from this site are shown. B. Following delivery of RF energy (25 watts) for 3 sec, the VT slows, oscillates, and terminates. RF energy was delivered for a total of 45 sec. The VT was no longer inducible.



A second variety of idiopathic ventricular tachycardia is that arising in the left ventricle, which is reentrant and verapamil-sensitive ( 200,203,206,207 and 208). This tachycardia has a characteristic of a right bundle branch block, left superior axis morphology or right superior axis morphology and has its earliest ventricular



activation either at the level of the posterior third or apical third of the septum, respectively. These tachycardias characteristically have relatively narrow QRS complexes and rapid initial forces in the absence of antiarrhythmic drugs or associated, but unrelated, hypertrophy. These tachycardias, as described in Chapter 11, are reentrant in nature because: 1. They can be induced and terminated by programmed stimulation. 2. They exhibit an inverse relationship between the initiating coupling interval and the first complex of the tachycardia. 3. Entrainment and resetting with fusion are possible for multiple sites in the right ventricle and from the atrium as well. Electrograms in sinus rhythm are normal although in some patients isolated diastolic potentials have been reported and identify a critical entrance to a zone of slow conduction (see below). In my experience, the tachycardias with a right bundle, left superior axis morphology are more reproducibly initiated and stable than those with right superior axis. There are multiple opinions as to what is the best methodology to use to guide ablation of these arrhythmias. Activation mapping has been used, but the guidelines for target have varied depending on the authors. Some authors recommend looking for the earliest Purkinje spike, which precedes the onset of ventricular activation as the target for ablation ( 209). An example of sinus rhythm and a tachycardia demonstrating Purkinje potentials prior to the onset of the tachycardia is shown in Figure 14-115. Another example of such a Purkinje potential preceding the QRS associated with a QS unipolar recording is shown in Figure 14-116. Jackman's group (209) has popularized this method and has a superb success rate using this method. The number of ablations required, however, to successfully treat these arrhythmias using this method is unclear. Moreover, identifying the earliest Purkinje spike may be quite difficult since they are ubiquitous on the septum in the region of these arrhythmias. I don't personally believe that the Purkinje fiber is critical to successful ablation. An example of a patient in whom a Purkinje fiber was identified after the onset of the earliest bipolar and unipolar recording, yet in whom ablation was successful at that site, is shown in Figure 14-117. The earliest bipolar electrogram preceded the QS by only 25 msec with the Purkinje spike appearing 10 msec before the QRS (but after local LV activation). Nonetheless radiofrequency application delivered at this site, which was the earliest site of ventricular activation, eliminated the tachycardia in less than 300 msec.



FIG. 14-115. Purkinje potentials in idiopathic left ventricular tachycardia. Panel A. Sinus rhythm is shown. A Purkinje fiber potential proceeds each QRS. Panel B. During the tachycardia, the site at which the Purkinje spike was recorded in sinus rhythm records a Purkinje spike proceeding the QRS. This site was targeted for RF ablation, which was successful.



FIG. 14-116. Purkinje potential associated with earliest site of ventricular activation. Idiopathic left ventricular tachycardia is shown with bipolar and unipolar recordings. The earliest site of ventricular activation is shown. The unipolar recording shows a QS configuration and the bipolar recording proceeds the onset of the QRS by 25 msec. This in turn is proceeded by a Purkinje spike by an additional 30 msec. This site was a successful site of RF ablation of this tachycardia.



FIG. 14-117. Failure of Purkinje spike to guide RF ablation of idiopathic left ventricular tachycardia. Panel A. (left) Ventricular tachycardia is present with a right bundle left axis deviation. The site of earliest ventricular activity is shown here occurring 25 msec prior to the OS of the QRS. The unipolar recording is inverted. In both the unipolar and bipolar signals, a Purkinje spike is seen following the onset of ventricular activation. Panel B. (right) RF application at this site instantaneously terminated ventricular tachycardia, which has not recurred in three years' follow-up on no medications.



Entrainment mapping has also been used successfully, but is extremely difficult to achieve. I have accomplished this in only two patients. Occasionally an exact entrainment map is possible, a fact I believe occurred because of a very small isthmus and/or reentrant circuit that is present in these patients. An example of an entrainment map is shown in Figure 14-118. In both patients in whom entrainment mapping was achieved, delivery of RF energy at that was immediately successful. Most recently, two groups have described the presence of late diastolic potentials in sinus rhythm as well as during the tachycardia that defined a potential entrance to the slowly conducting pathway in the circuit ( 210,211). These investigators described diastolic potentials that follow the QRS by a fixed period of time and are associated with a changing relationship to the subsequent QRS, which is preceded by a Purkinje potential. This Purkinje potential, however, is never the earliest Purkinje potential recorded. The delay induced by pacing or associated with spontaneous oscillations occurs between the late diastolic potential and the Purkinje spike (Fig. 14-119). Ablation at these sites produced delay between the diastolic potential and Purkinje spike until the tachycardia is terminated at which time the diastolic potential remains as a late potential in sinus rhythm. We have recently successfully ablated one of these VTs at a site with a diastolic potential, but no Purkinje potential (Fig. 14-120). Pace mapping has been used as an adjuvant to all the other mapping techniques and is the technique least likely to be used as the sole technique. Since all the mapping techniques described above have been reported to work, in our laboratory we try to use as many possible combinations as possible. Obviously all patients don't have a Purkinje spike at the site of successful ablation and all patients can't have concealed entrainment performed either. Pace mapping, however, can be performed in everybody as can mapping the earliest site of ventricular activation ( Fig. 14-121).



FIG. 14-118. Entrainment mapping of idiopathic left ventricular tachycardia. A 12-lead ECG during entrainment ( left) and resumption of VT (right) demonstrates an exact entrainment map and a return cycle identical to the VT cycle length.



FIG. 14-119. Demonstration of diastolic potential proceeding Purkinje potential in idiopathic left ventricular tachycardia. Panel A. On top, the mapping catheter demonstrates a diastolic potential as well as a Purkinje potential from its tip. Rapid pacing increases at times between the diastolic potential and the Purkinje potential. Panel B. (bottom) RF energy at this site produced progressive prolongation between the diastolic potential and the Purkinje spike until failure of conduction occurred between the diastolic potential and the Purkinje spike terminating ventricular tachycardia. In the two sinus complexes that follow, the diastolic potential now appears as a late diastolic potential, while the Purkinje spike proceeds the QRS. See text for discussion. (From: Tsuchiya T, Okumura K, Honda T, et al. Significance of late diastolic potential preceding purkinje potential in Verapamil-sensitive idiopathic left ventricular tachycardia. Circ 1999;99:2408–2413.)



FIG. 14-120. RF ablation of idiopathic left ventricular tachycardia guided by a diastolic potential in the absence of a Purkinje potential. Panel A. Ventricular tachycardia is seen. A diastolic potential is observed at a site that demonstrates neither a Purkinje potential nor the earliest ventricular activation. Panel B. Application of RF energy at this site terminates the tachycardia. A late potential is seen after the sinus complexes. See text for discussion.



FIG. 14-121. Use of pace mapping and ventricular activation to guide ablation in idiopathic left ventricular tachycardia. Pace mapping and activation mapping provide the only method of observing RF ablation in the absence of entrainment mapping. (See Color Fig. 14-121 .)



Despite a variety of methods used, the success rate for treating this arrhythmia exceeds 90%. The fact that the success rate remains extremely high despite the method of mapping used suggests a lack of or basic understanding of the pathophysiology of this arrhythmia and/or the possibility that different mechanisms are present. The consistent response to programed stimulation and verapamil in these patients suggests however that we are dealing with one basic mechanism. Catheter Ablation of Miscellaneous Ventricular Tachycardias Bundle branch reentrant ventricular tachycardias are macroreentrant ventricular arrhythmias using the right and left bundle branches in either an antegrade or retrograde direction. These are described in detail in Chapter 11. While there is varied opinion about how frequent bundle branch reentrant ventricular tachycardias are responsible for spontaneously occurring events, it is clear that they can cause cardiac arrest in patients with prior conduction disturbances, particularly those with cardiomyopathy (idiopathic, hypertrophic, or “ischemic”). Patients with cardiomyopathy most frequently have bundle branch reentry using the right bundle antegradely and the left bundle retrogradely ( Fig. 14-122). These patients almost always have a left-sided intraventricular conduction disturbance in sinus rhythm with a long H–V. In such patients, ablation of the right bundle branch can cure the arrhythmia ( 212,213 and 214). The left bundle branch can also be a site of ablation and is equally as effective. Moreover, left bundle branch ablation is not frought with the potential complication of heart block, because the bundle branch that has the greatest conduction delay in sinus rhythm is the bundle branch that is ablated. Nevertheless, because of ease of the approach, the right bundle branch is most frequently ablated. I do not generally ablate bundle branch reentrant VT unless it is the sole arrhythmia a patient has. This may be the case in patients with myotonic dystrophy or primary conduction disturbances, in which case a primary ablative approach is reasonable. However, in patients with cardiomyopathy, multiple VT types are commonly present; in such instances an ICD is placed. Drugs may or may not be added to the ICD. If recurrent shocks due to bundle branch reentry occur, an ablation is a reasonable approach. A reversed bundle branch reentrant tachycardia, that is, one with a right bundle branch block configuration, is much rarer. As stated in Chapter 11, I have only seen one such patient who has had this as the sole arrhythmia. In that patient, ablation of the right bundle branch cured the



tachycardia (see Chap. 11).



FIG. 14-122. Ventricular tachycardia that is due to bundle branch reentry. A. ECG in sinus rhythm of a patient with VT that is due to bundle branch reentry ( B). In sinus rhythm, there is a left-sided intraventricular conduction defect (IVCD) with a slightly prolonged H–V of 62 msec. B. VT that is due to bundle branch reentry is shown. Note that the H-V is similar to that in NSR. A–V dissociation is present. See Chap. 11 and text for discussion.



Another tachycardia that uses the His-Purkinje conduction system is intrafascicular reentry. This also is described in detail in Chapter 11. This disorder almost always occurs in patients with prior myocardial infarction and bifascicular block. Occasionally, it may occur in patients without infarction who have bifascicular block. In this instance the right bundle branch is permanently blocked in both directions. One of the fascicles that appears blocked is in fact slowly conducting. With the development of block in that one fascicle, a macroreentrant circuit is set up using the “primary conducting fascicle” antegradely and the antegradely blocked fascicle in the retrograde direction. Thus the tachycardia morphology is identical to that of the sinus rhythm since the sinus QRS complex is dominated by conduction only over the primary conducting fascicle as it is during intrafascicular reentry. This tachycardia is characterized by an H–V interval significantly shorter than that in sinus (usually greater than 40 msec shorter). Activation of the conducting system goes from left bundle branch to the His bundle and then to the proximal right bundle branch. The reason for the shortened H–V is the fact that the H–V interval is determined by antegrade conduction from the turnaround site in the fascicle minus the retrograde conduction to the His bundle. Ablation of such tachycardias is not only difficult, but is virtually never curative since these patients typically have large infarctions and multiple arrhythmias. It is worth ablating them when these tachycardias become incessant, as they can ( 215). In such instances, ablation of the fascicles may be difficult and ablation at the bifurcation of the left bundle is most easily accomplished. In such instances a pacemaker is virtually always necessary. Since in both bundle branch reentry and intrafascicular reentry, myocardial dysfunction is the dominant clinical problem, and other ventricular tachycardias are frequently present, an ICD with dual chamber pacing capability is the most important therapy. Ventricular tachycardia can be a complication of surgery for tetralogy of Fallot. This usually takes the form of a macroreentrant circuit around the ventriculotomy incision at the outflow tract. Mapping of this tachycardia usually shows a complete reentrant circuit around the ventriculotomy scar in either a clockwise or counterclockwise direction ( Fig. 14-123). The majority of such patients have tachycardias circulating in a clockwise fashion around the ventriculotomy or infundibulotomy (216,217). The morphology of this tachycardia is dictated by the pattern of activation around the scar. Most commonly, a left bundle or right bundle branch block and right inferior axis is seen during clockwise rotation around the scar. Less commonly, a left bundle branch block left axis morphology is noted. In the past, this tachycardia was approached easily with cardiac surgery in which completion of the ventriculotomy scar to the pulmonary valve cured the tachycardia. One must make sure, however, that the tachycardia does not arise at a different site. Occasionally tachycardias arise in the region of the ventricular septal defect repair in which case an isthmus is present between the circling wave front and the tricuspid annulus. Ablation of that isthmus with cryothermal application, radiofrequency application or transection by scalpal can cure this arrhythmia. Detailed mapping is obviously necessary to discern the two mechanisms. Recently, electroanatomical mapping has allowed one to map and ablate such rhythms with radiofrequency catheter ablation (see Fig. 14-123). The principals are the same. If one can demonstrate circus movement around the ventriculotomy scar, the VT can be cured by RF application to extend the scar to the pulmonary valve. Alternatively one could theoretically cure the VT by creating a linear lesion from the ventriculotomy scar to the tricuspid valve.



FIG. 14-123. Mapping and ablation of ventricular tachycardia in post-op tetralogy of Fallot. Panel A. Epicardial activation in ventricular tachycardia following repair of tetralogy of Fallot. Two VTs are present, both showing continuous activity around the ventriculotomy scar. The LBBB superior axis is caused by a counterclockwise activation pattern, while the RBBB inferior axis is caused by a clockwise activation pattern. Panel B. Electroanatomic map of VT with a clockwise rotation around infundibulotomy scar. See text for discussion. (See Color Fig. 14-123 .)



Another congenital anomaly that is associated with ventricular tachyarrhythmias is Ebstein's anomaly of the tricuspid valve. In this disorder the tricuspid valve displaced into the ventricle creating an atrialized portion of the ventricle. This atrialized ventricle becomes part of a very dilated atrial chamber. As such, the wall gets thin and is associated with abnormal fractionated signals. We have recently encountered a patient in whom an automatic ventricular tachycardia arose from the atrialized ventricle just distal to the His bundle recording site. The location is schematically shown in the electroanatomical map in Figure 14-124, panel A. A single lesion delivered at this site terminated the tachycardia ( Fig. 14-124, panel B). Ventricular tachyarrhythmias can occur in a variety of disorders, and if they are recurrent and stable the mapping technique described in prior sections can be used to ablate them.



FIG. 14-124. Mapping and ablation of incessant ventricular tachycardia in a patient with Ebstein's anomaly of the tricuspid valve. Panel A. Demonstrates an electroanatomic map of automatic VT arising in the atrialized ventricle just distal to the His bundle. The displaced tricuspid valve is shown in beige ( broad arrow). VT origin is shown in red isochrone. VT ablation site is in brown (during VT and sinus rhythm). Orange is site of pressure recording. Panel B. Earliest site of activation was 100 msec presystolic and fractionated. RF application terminates VT in one second. Note atrial pressure wave at RV recording site (orange dot in Panel A). (See



Color Fig. 14-124 .)



Intraoperative Mapping and Surgical Ablation of Ventricular Tachycardias Despite the advances in catheter ablation of ventricular tachycardias, the successful ablation of arrhythmias is not uniform. In particular, in the setting of coronary artery disease, surgery offers a single procedure in which coronary revascularization, aneurysmectomy with ventricular remodeling, and cure of ventricular tachyarrhythmias can take place. At present ICDs are used in most institutions, primarily because of ease of implantation, low associated morbidity and mortality, with equal reimbursement as surgery. ICDs, however, do not cure the arrhythmia, or alter the state of vascular disease or myocardial function. Thus, particularly in coronary artery disease in which revascularization is necessary, antiarrhythmic surgery can play an important role. The marked decline in its use is not logical from a medical standpoint, but has been driven by the economics. Catheter mapping is an integral part of any surgical approach to ventricular tachycardia since it offers a greater opportunity to localize all potential tachycardia circuits in an individual patient, something that may not be possible in the operating room under general anesthesia. The role of the electrophysiologist is to select those patients who might benefit from a surgical procedure and localize the tachycardias accurately enough so that the surgeon can ablate the arrhythmogenic area without unnecessarily destroying tissue unrelated to the tachycardia. Obviously, the selection of patients in whom surgery is indicated depends not only on the presence of a drug-resistant tachycardia and the need for revascularization, but on the presence of a team of electrophysiologists and surgeons. The variability of results of surgery, as well as selection of operative candidates, is most dependent on the team of electrophysiologists and surgeons. While the majority of centers refuse to operate on patients with ejection fractions less than 25%, nearly 50% of our arrhythmia surgical patients had ejection fractions lower than 25%. In fact, 27% had ejection fractions less than 20%. In addition to skilled electrophysiologists and surgeons, the desire for a cure must be weighed against the morbidity and mortality of the operation and subsequent morbidity and mortality and success of implanting an ICD for tachycardia termination and defibrillation. In centers in which a team of surgeons and electrophysiologists do not have significant experience in arrhythmia surgery, ICDs are a reasonable approach. Nevertheless, I believe surgery is underutilized and should still be considered as an important option for patients with ventricular tachycardia (stable or unstable) caused by coronary artery disease who (a) require revascularization; (b) are undergoing aneurysmectomy and/or mitral valve placement for ventricular dysfunction associated with prior infarction; and (c) have recurrent VT, early after an infarction, and who need revascularization ( 218). Surgery should also be considered in those patients with ventricular tachycardia following repair of tetralogy of Fallot in whom catheter ablation cannot be performed. Obviously, in patients with coronary artery disease, percutaneous revascularization and VT ablation is an alternative to surgical intervention and carries with it a lower mortality and morbidity. However, this approach does not address the marked ventricular dysfunction that is associated with aneurysms. In all patients who are candidates for ventricular tachycardia surgery, an identifiable substrate for the VT should be present (i.e., either prior infarction or prior surgery). The substrate provides a rational basis for undertaking surgery, even in the absence of mapping, although this is less desirable. In such patients arrhythmia surgery may be directed at the electrophysiologic substrate either by direct visualization of the substrate (e.g., myocardial scar) or the presence of abnormal electrical signals that identify the substrate (sinus rhythm mapping showing fragmented electrograms). It is important to recognize that in the presence of such a substrate, tachycardias are almost always inducible and, if tolerated, are mappable in the electrophysiology laboratory and are certainly mappable in the operating room regardless of the hemodynamic status. In patients with an inducible sustained monomorphic tachycardia who presented with a cardiac arrest, revascularization alone is insufficient to prevent the arrhythmia. The ability to induce this arrhythmia implies the presence of a fixed substrate, and either percutaneous or operative revascularization has not been shown to alter this substrate ( 4,219). While ICDs can improve survival, they certainly do not alter the frequency of such arrhythmic events. Revascularization should only be considered a primary therapy for cardiac arrest in patients with no inducible arrhythmias and multivessel disease, with a positive thallium test and ejection fractions greater than 40% without significant scar. Once in the operating room, map-guided surgery provides the best results for sustained uniform tachycardias because (a) 15% of tachycardias arise outside regions of visible scar or abnormal electrograms; (b) in the setting of recent myocardial infarction, visible landmarks of the entire arrhythmogenic substrate are not distinct and well defined; (c) tachycardias may arise in deeper areas of the myocardium that would not normally be addressed by routine, nonmap-guided procedures. A variety of surgical procedures have been developed to manage VT. These involve resection, incision, cryoablation, laser photoablation/coagulation, or combinations of the above, of the arrhythmogenic tissue. All of these procedures may be map-guided, or either visually directed or electrogram-directed (sinus rhythm mapping) to remove or isolate the pathophysiologic substrate. Of the nonmap-guided procedures, extended subendocardial resection, encircling subendocardial ventriculotomy or cryoablation, an extended laser photocoagulation/vaporization, have been employed. DC ablation via a mapping balloon catheter has also been used. Details of these operative procedures have been reviewed elsewhere ( 4,5,13,14,15 and 16). The relative merits of surgery versus other procedures have also been reviewed ( 218,219 and 220). Intraoperative Mapping Techniques for Ventricular Tachycardia Sequential point-by-point activation during a sustained tachycardia, using a hand-held stick or finger electrode, was the first mapping method used and is still useful. This technique obviously requires a stable monomorphic tachycardia for all designated mapping sites to be acquired. Simultaneous multisite data acquisition systems using either preformed plaques, epicardial sock electrodes, or endocavitary balloon electrodes are also available. Harris et al. ( 183) were the first to use simultaneous balloon endocardial and sock epicardial mapping to localize the tachycardia sites of origin. Most of these multisite data acquisition systems are computerized and allow acquisition of 64–256 simultaneous sites of activation. Many of these are commercially available, although several institutions have developed their own inhouse systems. These computer techniques should be user-friendly and interactive. Obviously, these systems will allow assessment of nonsustained arrhythmias. Regardless of the ability to record multiple sites, several limitations still exist. These include (a) an unknown relevance of nonsustained or polymorphic arrhythmias to the spontaneous sustained arrhythmias that a patient has exhibited; (b) the inability for the computer to accurately analyze low amplitude multicomponent signals, for which no good software program exists; (c) the inability of the computer to deal with intermittent signals; (d) the length of time it takes for the investigator to completely check and validate the computer-designated activation times. Moreover, while these tools offer exceptional power to further understand the arrhythmogenic mechanisms, reentrant pathways, and the physiology of initiation and termination of arrhythmias, it is uncertain whether they have added to the success of surgery. Although more data can be acquired in a shorter period of time, there is at present no good evidence that the surgical results have improved as a result of enhanced data acquisition. In part this may result because it takes too long to validate the computer-generated data (hours to days). As noted previously, additional limitations of intraoperative computerized mapping are those areas associated with low amplitude multicomponent signals, which frequently exhibit intermittent conduction or block, phenomena that cannot be accurately analyzed by computers, and the ability to use the system because of failure to induce all arrhythmias observed preoperatively. As stated earlier, catheter mapping and identifying the areas of interest before entering the operating room offers the best opportunity to deal with these problems. As such, simplified techniques that are directed toward areas of interest have yielded a surgical efficacy comparable to or exceeding the results using computers costing several hundred thousands of dollars. Thus, the greater the expertise and understanding of the ventricular arrhythmias, the less equipment required to perform successful surgery. This in no way detracts from the importance of computer-assisted data acquisition. Such rapid data acquisition can shorten mapping time and allow exploration of both the epicardium and endocardium in more patients than when a computerized activation system is not available. Of note, most of the activation maps of human VT demonstrate a monoregional onset of activation with centrifugal spread from that site ( 183,184,221,222 and 223) although figure-of-8 reentry and continuous circular reentrant activation have also been recorded ( 174,175,183,184,223). Nonetheless, in my opinion the most important use of the computer is to achieve a greater understanding of the mechanisms underlying the arrhythmias and to map the pathways of reentrant excitation. Ultimately this may allow further development of ablative techniques that can be applied without opening the heart. The virtual cessation of surgical approaches to treat ventricular tachyarrhythmias has prevented us from learning more about their mechanisms and subsequently limited our ability to further understand these arrhythmias. Since we have had the largest surgical series of patients with ventricular tachycardia, I will describe our results, which are primarily on the fingerpoint roving mapping along with small plaques of 20–40 simultaneous electrodes and, when appropriate, we will relate these data to those obtained using computerized systems. Most of the interaoperative mapping data that have been acquired have come from patients with VT associated with coronary artery disease. As such, the following paragraphs will specifically relate to data acquired in patients with coronary artery disease; those patients with tachycardia arising from other disorders will be briefly mentioned at the end of this section. The majority of patients with VT associated with coronary artery disease have large myocardial infarctions frequently associated with left ventricular aneurysms. Depending on the patient population, aneurysms are present in nearly 85% of patients with VT associated with anterior apical infarctions and in 50% of patients with VT associated with inferior infarctions. Patient selection markedly influences the reported incidence of aneurysms and the ejection fractions in the surgical series. The differences in anatomy of patients operated on give rise to different results of activation mapping, because certain patterns of activation are more commonly associated with particular anatomies. Thus, patients with left ventricular aneurysms usually have subendocardial sites of origin, while those tachycardias associated with blotchy, nontransmural infarctions with aneurysms may have subendocardial, intramural, or subepicardial sites of origin (see subsequent paragraphs). Endocardial and/or epicardial mapping may be performed sequentially by a hand-held probe or plaque or simultaneously by computerized multisite acquisition. When sequential mapping procedures are employed, a predetermined grid delineating sites to be mapped is used. An example of such a grid that we use for epicardial



mapping is shown in Figure 14-125 in which electrograms from 54 epicardial segments are sampled. Our endocardial mapping system is shown in Figure 14-126. Following an anterior or inferior ventriculotomy into a scarred area, endocardial mapping is undertaken in a clockwise fashion using 12 sites at 1-cm increasing radii. With anterior infarction, noon is taken as that point that is closest to the junction of the free wall and apical septum following ventriculotomy or aneurysmectomy. With inferior infarction, the longitudinal incision is usually made from the apical to basal portion of the inferior scar; this incision is usually 1 to 3 cm in length. Noon is typically designated as the site midway between the apical and basal aspect of the incision on the septum. With computerized systems, an epicardial sock electrode is most commonly used, usually containing 56 to 128 electrodes, which are variably spaced depending on the heart size and the site of the electrodes (apical vs. basal). The larger the heart size, the wider the electrode distance, which limits the accuracy of the mapping data. Computerized endocardial mapping balloon systems with multiple electrodes have also been used ( 174,175,183,222). In addition to sequential mapping, we also use relatively high density plaques with 20 to 40 bipolar or unipolar electrodes recorded from either a 2.5 to 4 cm 2 plaque to better define activation in specific areas of interest suggested by the sequential map and/or prior catheter mapping.



FIG. 14-125. Epicardial mapping schema. The heart is shown in the anterior, left lateral, and inferoposterior view. Fifty-four predetermined mapping sites are marked.



FIG. 14-126. Intraoperative endocardial mapping schema. A schema of the catheter mapping sites is shown on top. On the bottom the methods for endocardial sequential mapping of VT are shown for VTs arising in anterior and inferior.



Obviously, to map VT, it must be present or inducible intraoperatively. While all morphologically distinct tachycardias that have been observed preoperatively may not be induced intraoperatively (hence, the need for preoperative catheter mapping), it is possible to induce at least one sustained uniform tachycardia in 90% to 95% of patients. Some investigators have found it difficult to induce sustained uniform tachycardias intraoperatively, which has led them to necessarily employ nonmapped-guided techniques. I believe one of the major reasons for inability to initiate a sustained tachycardia is that the exposed heart is hypothermic. We always attempt to maintain the patient's core temperature at slightly hyperthermic levels, since core temperature does not necessarily reflect that of the exposed heart. In addition, in occasional patients in whom only nonsustained monomorphic VT or polymorphic tachycardia is initiated, procainamide, initially in small doses, may facilitate induction of sustained uniform arrhythmias, which are then mappable. As stated in Chapter 11, procainamide does not change the patient's pattern of activation when it converts a nonsustained uniform tachycardia to a sustained uniform tachycardia of the same morphology. When procainamide converts a polymorphic tachycardia to a uniform one, typically, the uniform tachycardia has a morphology similar to one of the dominant morphologies observed in the polymorphic run. In cases in which no sustained uniform tachycardia is inducible, sequential mapping cannot be performed, and the surgical procedure must be based on the preoperative catheter map or by indirect methods such as sinus rhythm mapping or extent of the visible scar. Computerized mapping may be able to localize these nonsustained VTs. This may be useful if the nonsustained arrhythmia has an identical morphology to the sustained arrhythmia noted preoperatively. However, if the nonsustained tachycardia does not resemble the spontaneous arrhythmia, surgical ablation of nonsustained arrhythmia localized by the computer may have no clinical significance. Moreover, intraoperatively it is virtually impossible to state with certainty that any induced nonsustained VT has an identical morphology to the sustained arrhythmia observed spontaneously or induced preoperatively since 12-lead ECGs cannot be performed when the chest is opened. If one uses sequential mapping, it is important to recognize that the earliest site recorded is virtually never a normal electrogram. This is seen in Figure 14-127, in which a normal-appearing electrogram was noted to be early (–42 msec). Careful mapping of the surrounding area showed an abnormal electrogram at the earliest site 1.5 cm away from the “normal” site. Thus, anytime the “earliest” site appears normal, further mapping is necessary (endocardial and/or epicardial). Whenever endocardial sequential mapping is performed and one does not record presystolic activity at least 50 msec before the QRS from the endocardium, intramural plunge electrodes should be used to see if earlier activity can be recorded deeper in the myocardium, on the opposite site of the septum or subepicardially ( Fig. 14-128). Alternatively, epicardial mapping may be done. As will be discussed subsequently, we routinely perform endocardial mapping first, since most tachycardias arise in the subendocardial areas, and will resort to epicardial mapping if sites more than 50 msec presystolic are not found on the endocardium, particularly when plunge electrodes suggest earlier activation transmurally or subepicardially.



FIG. 14-127. Qualitative characteristics of site of origin. ECG leads are shown with RV and LV reference electrograms and an electrogram from a mapping probe. A. An early site with a normal electrogram is virtually never the earliest “site of origin.” B. The “site of origin” is typically low amplitude and multicomponent. See text for discussion.



FIG. 14-128. Use of intramural recordings. An intramural plunge electrode records across the septum such that LV and RV endocardial sites are sampled. During VT 1, LV endocardial activity precedes RV endocardiat activity. During VT 2, RV activity precedes LV activity.



While middiastolic potentials and presystolic potentials have always been considered “early,” it is important that they be distinguished from late, dead-end pathways unrelated to the tachycardia circuit. As discussed in the section entitled “Catheter Mapping and Ablation of VT,” the middiastolic or presystolic activity should bear the same relationship to the QRSs of all complexes during spontaneous oscillations or those produced by premature stimuli, regardless of cycle length changes, if they are orthodromically activated by the reentrant circuit ( Fig. 14-129). Over-drive pacing producing entrainment of the tachycardia can be used to distinguish early from late sites, as described in Chapter 11. Fitzgerald et al. (224) have suggested that isolated middiastolic potentials are optimal sites for ablations. This is incorrect and misleading, since such electrograms may be totally unrelated to the tachycardia circuit. This is demonstrated in Figure 14-130, in which an isolated middiastolic potential is observed during VT in the top panel. In the bottom panel, this middiastolic potential occasionally disappeared without affecting the tachycardia. When it reappeared, it did so in a Wenckebach pattern, suggesting it was a recording from a dead-end pathway to which conduction delay and block was occurring, and was therefore unrelated to the tachycardia circuit. If one is not fortunate enough to observe such phenomena either spontaneously or following pacing, local pressure or transient cryoablation may yield similar results. As shown in Figure 14-131, focal pressure with the probe at a site which has early diastolic activity produces loss of that electrical signal while the tachycardia continues unaffected. Such local failure of conduction is very common and may occur in very circumscribed areas ( Fig. 14-132). Miller et al. (225) have shown that such local failure of conduction occurs in 65% of VTs and in 86% of patients who have VT. Sites of conduction failure usually occur within 2.5 cm of a site of origin (exit site) of a tachycardia, suggesting that this phenomenon is one observed in arrhythmogenic tissue, but not necessarily at the exit site or in the isthmus of the tachycardia circuit. Computerized data acquisition might fail to recognize or misinterpret this phenomenon and may provide misleading information, since in many cases a perturbation such as stimulation or focal pressure is required to interpret the data accurately. Thus, reliance on computer analysis alone may be inadequate. One must have the ability to stimulate during the tachycardia and note responses before making a final determination of tachycardia site of origin. This is more likely to happen if electrophysiologists are actively involved in the mapping procedure and can immediately identify potential sites that require such perturbations to provide diagnostic information. In my opinion, this is less likely to happen when the computer analyzes three or four beats of VT, following which the physician must review 64 to 256 electrograms and then decide whether or not a perturbation should be performed.



FIG. 14-129. Use of resetting to demonstrate an electrogram is related to the reentrant activity. During VT, the electrogram recorded with the probe has multiple components in early and late diastole. The early diastolic component is 142 msec before the QRS. To see if this is part of tissue in the orthodromic pathway and not an unrelated signal from a dead-end pathway, an RV extrastimulus is introduced which resets the VT. The dark vertical dashed line represents the time at which the QRS would have normally occurred. The electrogram maintains the same relationship to the reset complex as it did throughout the VT.



FIG. 14-130. Transient middiastolic activity. On top, continuous tracing during VT. A “middiastolic” electrogram is recorded during VT ( short, filled arrow). This signal is not part of the reentrant circuit since it disappears ( open arrow) then reappears (curved, filled arrows) exhibiting Wenckebach type block without any change in the VT. See text for discussion.



FIG. 14-131. Pressure-induced loss of “presystolic” electrogram. During VT, a presystolic electrogram is recorded. Pressure with the probe ( filled arrows), abolishes the “presystolic” potential without affecting the tachycardia ( open arrow). Note the “presystolic” potential reappears as middiastolic activity, which, of course, is unrelated to the VT. See text for explanation.



FIG. 14-132. Demonstration of failure of conduction in a circumscribed area. During VT, mapping was performed using a relatively high-density (20 bipolar pair) plaque. Selected recordings demonstrate 2:1 conduction to electrode 4 ( filled arrow) and a 2:1 loss of an electrogram component at electrode 8. Adjacent sites 5 mm away show no conduction abnormalities. (From: Miller JM, Vassallo JA, Hargrove WC, Josephson ME. Intermittent failure of local conduction during ventricular tachycardia. Circ 1985;72:1286.)



Conversely, response to perturbations such as pressure or local cryothermia can demonstrate sites that are important. In Figure 14-133, focal pressure at specific middiastolic sites within 2 cm of each other slow the VT, but pressure elsewhere has no effect on the tachycardia, thus demonstrating the focal nature of pressure changes. In Figure 14-134, focal pressure terminates VT in the absence of any mechanically induced ventricular premature complexes. In an analogous manner, cryothermia or laser photocoagulation may produce similar effects. This is demonstrated in Figure 14-135, in which laser photocoagulation slows VT and then terminates it by producing block in the tachycardia circuit proximal to orthodromic activation of a middiastolic potential ( 184).



FIG. 14-133. Slowing of VT by local pressure suggesting recording from the circuit. During VT, focal pressure is delivered at 3, 6, 9, 11 o'clock; 2 cm (°°) from the edge of the ventriculotomy. Slowing was only produced over a 2 cm area from 9°° to 11°°. The absence of change in QRS suggests the middiastolic recorded at these sites was a critical part of the pathway.



FIG. 14-134. Termination of VT by local pressure. During VT, local pressure at site exhibiting middiastolic to systolic activity terminates VT. This suggests the electrogram was recorded from a critical isthmus of the reentrant pathway.



FIG. 14-135. Activation maps and electrograms of deceleration and interruption of figure-of-8 reentry tachycardia using epicardial laser photocoagulation. A. Global epicardial activation of a VT complex. Diastolic activity is marked by darkened area. B. Global epicardial activation of a VT complex after deceleration induced by laser photocoagulation (LPC). C–F. Epicardial electrograms spanning diastole during VT. LPC induced deceleration and termination resulted from conduction delay and block between two sides of irradiated area. (From: Littmann L, Svenson RH, Gallagher JJ, et al. Functional role of the epicardium in postinfarction ventricular tachycardia. Observations derived from computerized epicardial activation mapping, entrainment and epicardial laser photoablation. Circ 1991;83:1577.)



The results of most series of intraoperative mapping of VT have demonstrated a focal origin, with centrifugal spread of electrical activity to the remainder of the heart; this has recently been termed monoregional spread (183,221,222,226,227). Additionally, continuous loop reentry (or circular reentry) has been observed, in which sequential activation throughout the cardiac cycle is observed ( 174,175,184,185,226,228). These two types of activation patterns are schematically shown in Figure 14-136. Ishchronic maps of the two types are shown in Figure 14-137 (monoregional VT) and Figure 14-138 (continuous loop or circular VT). Analog records of a complete reentrant circuit on the ventricular septum from a 3-cm 2 area are shown in Figure 14-139. Occasionally, in an inferior infarction, we have observed circumferential activation around the scar throughout the cardiac cycle in both a counterclockwise and a clockwise direction, producing two morphologically distinct VT (Fig. 14-140). Of interest, all but one of our patients demonstrating circular activation around an inferior wall scar had an additional monoregional tachycardia. How often circular spread around the scar represents unidirectional block at a focal site, with passive spread around the scar, requires further study. Certainly surgical or cryothemal ablation of the isthmus between the mitral valve and inferior scar cures many of these VTs, supporting a macroreentrant rhythm around the scar. As can be seen in Figure 14-140, areas of slow conduction can appear during systole and/or during diastole and thus are not relegated to areas showing diastolic activity.



This points out that there is no one specific “zone of slow conduction” but that many sites within and outside of a reentrant circuit may exhibit slow conduction. In a small percentage of patients, we have observed activation patterns meeting neither continuous nor centrifugal (monoregional) spread, primarily due to failure to record activity throughout the cardiac cycle. These undefined tachycardia patterns of endocardial activation may represent focal activation with an intramural loop or continuous activity within an intramural loop that is not detected from the subendocardium or the epicardium in these cases. In our experience of those tachycardias in which a clear pattern of activation could be determined, 90% had centrifugal spread (i.e., were monoregional), while the others had circular or continuous loop activation patterns. As stated before, all but one of our patients who had “continuous loop” tachycardias also manifested tachycardias with monoregional spread ( Fig. 14-141). The use of high density mapping in areas of apparent monoregional spread has suggested reentry using a classic figure-of-8 model in some cases ( Fig. 14-142). In addition, we and others have observed more complex types of activation sequences suggesting a two-dimensional circuit that was not a simple figure-of-8 model (221,222).



FIG. 14-136. Centrifugal spread and continuous loop activation pattern. Two VTs are shown. The VT on left shows a ventricular spread from a focal septal site (monoregional spread) On the right, VT shows a continuous wave of activation around a scar. (From: Miller JM, Harken AH, Hargrove WC, Josephson ME. Pattern of endocardial activation during sustained ventricular tachycardia. J Am Coll Cardiol 1985;6:1260.)



FIG. 14-137. Isochronic map of monoregional pattern (centrifugal spread) of activation. An endocardial activation map is shown looking through the site of aneurysmectomy. Septal sites are on the left; anterior (ANT) and inferior (INF) sites on the right. Activation spreads centrifugally from a region at the junction of the septum and inferior free wall. This is VT from Fig. 16-11. Note dense isochrones around focal early site. (From: Miller JM, Harken AH, Hargrove WC, Josephson ME. Pattern of endocardial activation during sustained ventricular tachycardia. J Am Coll Cardiol 1985;6:1260.)



FIG. 14-138. Continuous loop pattern of endocardial activation. The VT is the same as in FIG. 16-11. The isochronic map shows sequential activation, spanning the cardiac cycle around the circumference of an apical infarction. (From: Miller JM, Harken AH, Hargrove WC, Josephson ME. Pattern of endocardial activation during sustained ventricular tachycardia. J Am Coll Cardiol 1985;6:1260.)



FIG. 14-139. Analog record of reentrant activation during VT electrograms demonstrates sequential activation of the clock-like mapping system. (From: Horowitz LN, Josephson ME, Harken AH. Epicardial and endocardial activation during sustained ventricular tachycardia in man. Circ 1980;61:1227.)



FIG. 14-140. Circumferential spread around inferior ventriculotomy. Two VTs from a patient with inferior infarction are shown. The RBBB VT demonstrates clockwise activation around the inferior ventriculotomy. Multiple areas of slow conduction are seen. The shaded areas denote the second half of diastole. The LBBB VT shows counterclockwise activation with multiple areas of slow conduction. The regions of slow conduction vary somewhat dependent on the clockwise or counterclockwise activation. (From: Miller JM, Harken AH, Hargrove WC, Josephson ME. Pattern of endocardial activation during sustained ventricular tachycardia. J Am Coll Cardiol 1985;6:1260.)



FIG. 14-141. Frequency of activation patterns. Most endocardial activation patterns exhibit centrifugal spread (monoregional); only » 10% demonstrate a continuous loop. (From: Miller JM, Harken AH, Hargrove WC, Josephson ME. Pattern of endocardial activation during sustained ventricular tachycardia. J Am Coll Cardiol 1985;6:1260.)



FIG. 14-142. High density map in focal tachycardia suggests superficial and deeper activation pattern. A high density plaque revealed a protected isthmus of activation at one level and slow conduction perpendicular to the isthmus at another level.



The vast majority of published mapping data during VT associated with coronary artery disease suggests that the origin of the arrhythmia, or at least critical areas responsible for the arrhythmia, are either subendocardial (inner 2 to 5 mm) or intraseptal ( 174,175,183,184,221,222 and 223). Subendocardial or septal “origins” of VT associated with coronary disease are reported in 85% to 97% of cases. Only 3% to 15% appear to be subepicardial in nature. The subendocardial “origin” may be disparate from the earliest epicardial breakthrough, even when tachycardias arise from the left ventricular free wall. These disparities may be marked, as shown in Figure 14-143, in which the earliest endocardial site of activation is 6 cm away from the earliest epicardial breakthrough. Such discrepancies arise as a result of variable patterns of slow activation through diseased tissue from the site of “origin” (exit site) toward viable myocardium, be it on the epicardium or intramural myocardium. In all cases in which tachycardias arise in the septum, by definition there is no correlation between epicardial activation and the origin of the tachycardia. In septal tachycardias, epicardial activation usually begins paraseptally; however, it may begin superiorly (anteriorly) or inferiorly, regardless of where on the septum the tachycardia originates. In our experience, in virtually all cases in which tachycardias arise in the septum, the earliest epicardial breakthrough occurs after the onset of the QRS, even if the earliest epicardial site is reasonably near the site of septal origin ( Fig. 14-144) (226). In rare patients, we have observed earlier epicardial monoregional spread in one tachycardia and earlier monoregional endocardial spread during another tachycardia ( Fig. 14-145). In such patients, the opposite wall (i.e., myocardium or epicardium) of the heart will show activation in a similar pattern but will be delayed compared to the earlier site. In other words, activation on the epicardium may parallel that on the endocardium regardless of which is earliest. In occasional cases, epi- and endocardial activation may appear simultaneously, suggesting an intramural location. In the vast majority of cases in which simultaneous or sequential endocardial and epicardial activation during the same tachycardia has been obtained, earliest activation has been recorded from the endocardial electrodes.



FIG. 14-143. Markedly disparate epicardial and endocardial activation. Epicardial activation in a patient with an apical infarction is shown in anterior (upper left), left lateral (upper right), and inferior (lower right) views. Shaded areas represent aneurysm. The earliest epicardial activation is 28 msec following the QRS at the inferoapical border of the aneurysm. The earliest endocardial activation is at the apical-superior free wall 2 cm, from the septum 42 msec before the ORS. (From: Horowitz LN, Josephson ME, Harken AH. Epicardial and endocardial activation during sustained ventricular tachycardia in man. Circ 1980;61:1227.)



FIG. 14-144. Epicardial and endocardial activation during VT arising on the basal septum. Epicardial maps of VT are shown in the anterior, lateral, and inferior views (clockwise). The shaded area is the region of inferior scar. Epicardial breakthrough is at the paraseptal base of the RV, 18 msec after the onset of the QRS. Endocardial activation (lower left) shows earliest activation on the left side of the basal septum 25 msec before the onset of the QRS (filled circle, lower right). (From: Horowitz LN, Josephson ME, Harken AH. Epicardial and endocardial activation during sustained ventricular tachycardia in man. Circ 1980;61:1227.)



FIG. 14-145. Epicardial and endocardial ventricular tachycardias. Two VTs arose at the cut edge of a traumatic aneurysm. Epicardial (EPl) and endocardial (ENDO) activation during each VT is shown. The VT on the left (inferior axis) shows earliest activation at the epicardium with a centrifugal spread. The endocardial activation parallels epicardial activation. The VT with a superior axis (right) shows earliest activation to be focal from the inferior edge of the ventriculotomy on the endocardium. Epicardial spread parallels endocardial activation.



Several investigators have observed that patients in whom earliest activation occurs on the epicardium do not have aneurysms and usually have inferior infarctions (183,184 and 185). Thus, the relative incidence of early epicardial activation versus subendocardial activation in different surgical series may have to do with patient selection. It is still important to realize that Harris et al. ( 183), who have the greatest experience in simultaneous endocardial and epicardial mapping, have found the earliest activation on the endocardium in 92.5% of tachycardias mapped. Obviously, the site of earliest activation is important in directing the type of surgical procedure. If tachycardias were indeed found to be subepicardial in origin, then a ventriculotomy would not be necessary, and tachycardias could be cured with a “closed” approach using laser photocoagulation ( 46,47,184) or cryoablation. Even if such patients could also be cured via an endocardial approach, it seems reasonable, although not proven, that an epicardial approach should be associated with less morbidity and shorter recovery period. In the future, simultaneous multisite data acquisition will also include intramural electrical activation using relatively atraumatic electrodes made from very thin printed circuit boards. Such data may provide more information about the routes of reentrant excitation during VT. Currently, I believe that the use of transmural needles to record such activity is too traumatic and, thus, has not added significantly useful clinical data to alter surgical approaches based on standard mapping techniques. Other methods of activation may also be used in the future. Limitations of developing accurate isochronic maps are recognized ( 229), and as a result two techniques have been developed that may have value. First is a vector approach in which moment-to-moment direction of activation can be plotted and can distinguish slow conduction from block. This has been used experimentally by Kadish et al. ( 230) in canine models of infarction. Another potential method is isopotential mapping in which DC recordings showing negative activity define a region from which activation occurs ( 231). Such data provide information relative to monoregional spread toward which a surgical intervention could be targeted. This technique may be especially useful in septal tachycardias although it is limited by the resolution of the system such that very low amplitude signals are missed. If activation mapping of VT cannot be accomplished either in the catheterization laboratory or in the operating room, intraoperative mapping during sinus rhythm may be performed to define abnormal electrophysiologic sites analogously to that done in the catheterization laboratory ( 232). Examples of normal, fractionated (and late) and split electrograms recorded using a bipolar signal with a 2-mm interelectrode distance are shown in Figure 14-146. Although epicardial and/or endocardial late potentials have been felt to present delayed activation and potential markers for sites of origin of tachycardia, we have not found this to be the case in coronary artery disease (176,232,233). We have found isolated epicardial late potentials to be rather uncommon in the setting of coronary artery disease (14%) and, even when present, not to be useful in localizing sites of origin of VT ( 233). Certainly in all cases, instances of tachycardias that arise on the septum, epicardial late potentials have no significance regarding location of the tachycardia. Even when epicardial late potentials and VT arise on the free wall of the heart, there is still only a 50% chance that the epicardial late potential will be in a site within 2 cm of the origin of VT ( 233). Fontaine et al. (177,234) have also found a low incidence of late potentials and a poor correlation of such potentials to VT origin in the setting of coronary artery disease. Such late potentials, however, may be important in the setting of cardiomyopathies. Preliminary data from our laboratory have shown a better correlation of epicardial later potentials, positive signal-averaged ECGs and inducible arrhythmias in patients with dilated cardiomyopathies ( 235,236). Similarly, Fontaine and colleagues ( 237,238) have found a high incidence of epicardial late potentials in patients with arrhythmogenic right ventricular dysplasia, a phenomenon they call post-excitation. When intraoperative endocardial activation during sinus rhythm had been analyzed for fragmented electrograms and late potentials as markers for VTs, no correlation could be found ( 232). Although the “site of origin” of VT may be associated with abnormal electrograms, split electrograms, late potentials, and broad electrograms are found more often at other sites. These are the same results that Cassidy et al. ( 176) found during catheter sinus rhythm mapping.



FIG. 14-146. Sinus rhythm electrogram. Bipolar electrograms during sinus rhythm recorded using electrodes with a 2-mm interelectrode distance. Normal electrograms are >0.6 mV and 


Thus, only activation mapping of VT is adequate to guide surgery. Endocardial catheter mapping and intraoperative mapping are necessary to provide the surgeon with the most information available to direct the surgery. In some instances, catheter acquired mapping data may be the only data available. The good correlation of



catheter and intraoperative mapping validate the use of catheter-acquired data ( 239,240). Although complicated computerized mapping systems are available, and do provide far more information about functional aspects of the reentrant circuit, to date they have not, in my opinion, led to more effective surgery. Perhaps in the future, with better software and new electrode technology, computerized mapping will provide us with important data that will improve our surgical results. In view of all the complications in interpreting activation data, the need for stimulation and/or other perturbations during the tachycardia, and the recognition that many tachycardias may of necessity require mapping in the catheterization laboratory, I should suggest that computer mapping systems represent only one component of a whole team effort that begins with the clinical electrophysiologist and ends with the surgeon. Surgical Treatment for Ventricular Tachyarrhythmias Once the site of origin of the tachycardia has been identified, a variety of surgical approaches may be undertaken to ablate the arrhythmogenic focus. We initially developed a localized subendocardial resection as the method of removing only the arrhythmogenic tissue in patients with VT associated with coronary artery disease (15). Focal cryoablation and laser vaporization or photocoagulation are also capable of destroying specific arrhythmogenic tissue from either the epicardium or endocardium (4,5,44,45,46 and 47,184). Map-guided ablation using an endocardial balloon electrode has also been reported ( 241). The endocardial electrodes from which the earliest of “critical” sites are recorded are used for DC ablation of these areas. When activation mapping cannot be performed, then procedures aimed to remove a visible pathophysiologic substrate or a pathophysiologic substrate identified by abnormal electrograms can be undertaken, such as extended subendocardial resection. Instead of removing this scar or area of abnormal electrograms, one may encircle it with a subendocardial ventriculotomy or subendocardial cryoablation, or potentially encircling laser photocoagulation, all of which probably do the same thing as an extended subendocardial resection without removing the tissue. All of the directed and nondirected procedures have been reviewed elsewhere ( 4,5). In my opinion, activation mapping is necessary to ensure the highest surgical success rate. This is demonstrated in Figure 14-147, which shows the variety of sites of origin of four sustained uniform VTs in a single patient. In this figure, it is evident that two of the tachycardias arise at the apical septum within visible scar tissue; however, the two additional tachycardias arise from areas of normal appearing myocardium and would not be cured by a visually guided or, in this particular case, an electrogram-guided surgical procedure. Although one cannot compare surgical series, some of which use nonguided procedures, and some of which use mapping, in our own institution, we have been able to compare the results of nonmap-guided surgery with that guided by variable degrees of mapping ( 242). In patients without adequate data, nonmap-guided therapy was used, and when mapping was performed, directed surgical therapy was used. I believe that visually guided extended subendocardial resection in our hands is the same as that in anyone else's hands, but surgery guided by mapping, as shown in Figure 14-148, increased the number of successfully treated tachycardias. Miller et al. ( 242) demonstrated in 100 consecutive cases that the greater the extent of mapping, the better the surgical outcome. In patients with 50% of all tachycardias mapped, there was only a 50% success rate, while if all the tachycardias were mapped, there was a nearly 90% success rate. Success was defined as noninducibility of any sustained arrhythmia postoperatively; and, in fact, there was 100% clinical success rate in this group of patients. Thus, in my opinion, an attempt at catheter and intraoperative mapping should always be made before any surgical procedure since the outcome can only be improved by such information. Failure to do so, by virtue of choice or inability to initiate arrhythmias, portends a poorer prognosis for the patient.



FIG. 14-147. Requirement of mapping to guide therapy. In the center is a schema of the opened LV with the shaded area representing visual scar. Four VTs were present in this patient. The two VTs on the left arose in the proximity to each other on the septum, within the area of visible scar. The remaining two VTs (right) arose outside the area of visible scar. See text for discussion.



FIG. 14-148. Influence of mapping on surgical outcome. The effect of mapping on surgical outcome for 100 consecutive patients is shown in the bar graph. Failure was defined as inducible sustained VT postoperatively. Success was defined as no inducible arrhythmia. The greater the extent of mapping, the greater the likelihood of success. (Adapted from: Miller JM, Gottlieb CD, Marchlinski FE, et al. Does ventricular tachycardia mapping influence the success of antiarrhythmic surgery? J Am Coll Cardiol 1988;11:112A.)



Miller et al. (243) have attempted to analyze the mechanism by which subendocardial resection is successful by recording over the mapped area of origin during sinus rhythm with a moderately high density plaque. A subendocardial resection was then performed, and the plaque was replaced in the exact same position. As shown in Figure 14-149, before subendocardial resection, electrograms recorded from the area of origin of the tachycardia demonstrated either no activity or abnormal, fractionated electrograms, with 40% of the sites showing late potentials. Following subendocardial resection, electrograms recorded from the same area were larger in amplitude, narrower in duration, and there has been an eradication of late potentials. These changes, tabulated in Table 14-2, demonstrate that subendocardial resection results in a higher percentage of normal electrograms and eradication of split and late potentials ( 243). These data suggest that subendocardial resection removes the critical areas of slow conduction that are required for reentry. Whether or not it removes the whole reentrant circuit is unknown, but certainly, absence of late potentials and normalization of the electrograms suggests improved conduction. How cryoablation or laser photocoagulation work is unclear, but both produce homogeneous lesions. One could imagine then that instead of removing areas of slow conduction, these two techniques homogeneously destroy these areas, leaving only those areas with better conduction, thereby preventing the recurrence of reentry.



FIG. 14-149. Mechanism of subendocardial resection. Electrograms from the area from which VT arose are recorded in sinus rhythm using a plaque of 20 bipolar electrograms. Preoperatively, all electrograms are abnormal or fractionated, and many sites exhibit late potentials ( arrows). Following subendocardial resection, recordings from the same area show “normalization” of electrograms and “amputation” of all late potentials. (Adapted from: Miller JM, Vassallo JA, Rosenthal ME, et al. Endocardial late and split potentials: eradication by subendocardial resection. Circ 1985; 74:11.)



TABLE 14-2. Distribution of Electrogram Type Pre- and Postsubendocardial Resection



We have used adjunctive cryoablation with subendocardial resection in one-third of our patients. This is particularly important when tachycardias are associated with inferior infarctions, to prevent surgical damage to the mitral valve or papillary muscles. Cryothermal ablation does not injure the mitral annulus and can be used to destroy arrhythmogenic tissue at the base of the papillary muscle without requiring removal of the papillary muscle, necessitating mitral valve replacement. Of note, we have never observed a tachycardia arising from the papillary muscle per se; when VTs arise in the region of the papillary muscle, the origin of the tachycardia is always at its base or in the subadjacent free wall myocardium. In addition, cryothermal ablation is used if endocardial activation does not show early activity and a transmural plunge shows earlier activation. These deeper layers are then cryoablated following standard subendocardial resection. As stated earlier in this section, when tachycardias arise from an anterior infarction, our surgical approach is sequential resection in the warm, beating heart. This allows us to judge the success of the subendocardial resection and/or cryoablative lesion. Unfortunately, a sequential surgical procedure is not possible with inferior infarction, since it is virtually impossible to manipulate the heart with the inferior surgical approach without inducing ventricular fibrillation. Epicardial photocoagulation or cryoablation for those tachycardias that appear subepicardial is quite reasonable. Results of Surgery The success of surgery depends on the definition of “success.” It is also influenced by the type of patient who has undergone the surgical procedure as well as the electrophysiologists and surgeons involved in the procedures. Although a surgical registry has been established by Borggrefe ( 178), our institution (The Hospital of the University of Pennsylvania) supplied almost 50% of all the data in the registry. Our results provide a single institution's view of this electrophysiologic/surgical problem. As stated earlier in the chapter, nearly 50% of our patients had ejection fractions 


TABLE 14-3. Effect of Experience on Outcome: Primary Success, Clinical Success, and Noninducibility



TABLE 14-4. Inducibility of VT Postsubendocardial Resection and Clinical Outcome



TABLE 14-5. Inducibility of VT on Drugs Postsubendocardial Resection and Clinical Outcome



Miller et al. (244,245) analyzed our experience and demonstrated that induction of tachycardias that were comparable to those preoperatively—defined by identical morphology at a cycle length within 50 msec of preoperative arrhythmia—had a 50% recurrence rate. Conversely, if the postoperative tachycardias that were induced were polymorphic or had tachycardia cycle lengths 50 msec shorter than the preoperative tachycardia, only a 15% recurrence rate was observed ( Fig. 14-150). In addition, tachycardias that were only inducible from the left ventricle had a lower incidence of recurrence. Of interest is the subgroup of patients in whom “never before seen” tachycardias were induced postoperatively. Most of these patients had used amiodarone preoperatively. All of these patients were readily controlled on antiarrhythmic agents afterward, suggesting that the reason for the new tachycardia was the absence of or a decrease of amiodarone effect. The apparent inability of amiodarone to suppress such tachycardias appears to be an indication that other antiarrhythmic agents can also suppress them.



FIG. 14-150. Effect of type of induced postoperative arrhythmia on outcome. Patients with VT induced that are polymorphic or with a cycle length >50 msec shorter than control have a low incidence of recurrence. VTs of similar morphology and cycle length have a » 50% recurrence rate. (From: Miller JM, Hargrove WC, Josephson ME. Significance of “non-clinical” ventricular arrhythmias induced following surgery for ventricular tachyarrhythmias. In: Breithardt G, Borggrefe M, Zipes DP, eds. Nonpharmacological therapy of tachyarrhythmias. Mount Kisco, NY: Futura Publishing, 1987:133.)



Another method proposed to assess the postoperative outcome is use of the signal-averaged ECG. We have evaluated the role of the signal-averaged ECG in defining postoperative successes. Marcus et al. ( 246) demonstrated that if the low amplitude late potential and/or prolonged QRS duration is normalized, noninducibility will be observed in the postoperative study, and an excellent outcome is to be expected. Unfortunately, only a minority of patients had such response. More often, the late potential and prolonged QRS duration remain, or may even be more prolonged, yet the clinical outcome is good. These data are not surprising, since our surgical approach is one of limited resection of abormal areas and not extended resection. As long as one leaves a significant amount of scar tissue and areas of normal activation, it is not surprising that the signal-averaged ECG would remain abnormal. A subgroup of patients in whom surgery has been particularly gratifying are those patients with recurrent VT early after myocardial infarction. We ( 247) have demonstrated in a retrospective study of 87 patients that patients who had frequent ( 3) episodes of early postinfarction VT had significantly better survival when surgery was used than when medical therapy guided by electrophysiologic studies was used at our institution. Surgical therapy in fact was uniformly successful in patients with less than two episodes, but medical therapy was also more often successful. Thus, the difference in survival of medically and surgically treated patients did not meet statistical significance in this subgroup. Nonetheless, the high mortality both from arrhythmia and reinfarction, and heart failure in the group of patients with frequent episodes of recurrent VT, suggests that early operative intervention may be the therapy of choice ( Fig. 14-151). I have reviewed our operative results in patients operated on for VT occurring less than 2 months following infarction versus those occurring more than 2 months after infarction. Two months was an arbitrary time limit, but in fact the mean time of VT was 3 weeks following infarction. The operative survival and results were at least as good as those procedures for tachycardias occurring later than 2 months after infarction ( Table 14-6, Table 14-7 and Table 14-8). DiMarco et al. (248) demonstrated results similar to our previously reported data (249).



FIG. 14-151. Effect of medical and surgical therapy on VT early postmyocardial infarction. The effects of VT frequency and medical versus surgical therapy are shown. Regardless of frequency, arrhythmia-free survival was better with surgery than EPS-guided medical therapy. It is highly significant for frequent VT. (From: Kleinman RB, Miller, JM, Buxton AE, et al. Prognosis following sustained ventricular tachycardia occurring early after myocardial infarction. Am J Cardiol 1986;62:528.)



TABLE 14-6. Operative Mortality (SER) in Patients with Ventricular Tachycardia Early (


TABLE 14-7. Outcome of Surgery in Patients with VT Early (2 Months) After Infarction



TABLE 14-8. Clinical Outcome of Surgery (SER) for VT Early (2 Months) After Infarction



Our overall surgical results show a 50% to 60% 5-year survival. The sudden death rate was less than our sudden death rate following implantable defibrillator, and we have observed approximately a 5% overall clinical recurrence of VT with a mean follow-up of 5.5 years. While these results seem good, more work is necessary to develop more precise surgical approaches to such patients. Ventricular Tachycardia Unassociated with Coronary Artery Disease There are few systematic studies providing intraoperative mapping and surgical data for VT unassociated with coronary artery disease. Iwa et al. ( 250) and Guiraudon et al. (16) summarized their results in groups of patients with cardiomyopathies using ventriculotomies and cryothermal injury. How applicable these 10–20-year-old data are to patients in 2001 is unclear. These approaches have virtually been abandoned for ICDs. We have not found management of sustained uniform VT in the setting of cardiomyopathy by drugs or surgery to improve longevity. Idiopathic left ventricular aneurysms are a cause of ventricular tachyarrhythmias that may be surgically ablated. Aizawa et al. ( 251) reported five such cases, and we have had two cases in which surgical approaches were successful. Recognition of this entity is important since surgery has a high success rate with relatively low risk. Another group of patients in whom surgery has been employed for many years have been those with right ventricular dysplasia. Fontaine et al. ( 237,238) reported the use of ventriculotomy in such patients, but the procedure was not often successful. This led to the development of right ventricular isolation by Guiraudon et al. (252,253). The concept behind this procedure was that the arrhythmogenic right ventricle demonstrates little ventricular function and is unnecessary from a hemodynamic standpoint. Therefore, if the tachycardia remained in the free wall of the right ventricle, which is the normal site of origin of such tachycardias, isolation of that area from the rest of the myocardium would allow “normal” ventricular function despite the presence of the tachycardia. The technical procedure of disarticulation of the right ventricular free wall from the remainder of the ventricle is a difficult and time-consuming surgical task but can be accomplished. Surgical morbidity and mortality was high, and Dr. Guiraudon no longer recommends this operation (G.M. Guiraudon, personal communication, 1992). Regardless of cause, any tachycardias associated with a known pathophysiologic substrate are amenable to surgical intervention. The most common situation in which this occurs is VT following repair of tetralogy of Fallot. In such patients the majority of tachycardias appear to arise in the region of the scar, most often occurring in a circular pattern around the ventriculotomy or infundibulotomy ( 216). The morphology of the tachycardia is dictated by the activation wavefront (see Fig. 14-123). Typically, left bundle or right bundle inferior axis tachycardias are associated with a clockwise activation pattern around the scar, whereas left bundle branch



block tachycardias, with superior axis, are associated with counterclockwise revolution around the scar. Although it is reasonable to assume that all arrhythmias in this disorder arise around this fixed barrier, this in fact may not be the case. Occasionally, one will encounter an arrhythmia that is located more intramurally at the infundibulectomy incision performed via a transatrial tricuspid approach. Tachycardias may also arise in the region of the ventricular septal defect repair. In cases in which circus movement around the scar is observed, continuation of the ventriculotomy to the pulmonary annulus will obliterate the narrow isthmus through which the uppermost part of the circulating wavefront must pass and terminate the arrhythmia. This area is invariably associated with very slow conduction manifested by tight isochrones during mapping or continuous activity during electrophysiologic study. Analog recordings from a left bundle, left axis deviation-type tachycardia in a patient with counterclockwise activation around the scar is shown in Figure 14-152. The surgical approach to VT in these patients requires careful attention to ensure that one is dealing with a large macroreentrant circuit either around the epicardial scar or the endocardial scar. In both cases, a transmural ventriculotomy in the region of the scar with extension to the pulmonic valve will cure the arrhythmia. If tachycardias arise elsewhere, specific approaches must be employed.



FIG. 14-152. Analog recordings during epicardial mapping of ventricular tachycardia in a patient following repair of tetralogy of Fallot. Electrograms suggest activation in a counterclockwise fashion around the ventriculotomy scar.



CONCLUSION The last decade has seen remarkable evolution in our understanding of the mechanisms of arrhythmias and in expanding our capabilities of localizing their sites of origin or critical sites within reentrant circuits. The capability to do this with catheters has led to the possibility of cure of certain arrhythmias through delivery of ablative energies or chemicals via the catheter, in situations that had previously required surgery. As such, surgery currently plays a limited role in the management of arrhythmias. Surgical approaches to arrhythmias still are worthwhile, however, particularly for AF and certain ventricular arrhythmias for which surgery remains the best chance for a “cure.” Continued improvement and development of better surgical or catheter ablative techniques will improve our ability to cure such patients. CHAPTER REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28. 29. 30. 31. 32. 33. 34. 35. 36. 37. 38. 39. 40. 41. 42. 43. 44. 45. 46. 47. 48.
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COLOR FIG. 1-3. Cool tip ablation catheter. Saline spray through the catheter tip is used to maintain “low” tip temperature to prevent charring while at the same time increasing lesion size. See text for discussion. (See FIG. 1-3 on page 3)



COLOR FIG. 1-7. The EnSite noncontact mapping probe. Mathematically derived electrograms from more than 3000 sites can be generated from this olive-like probe (see Chap. 14). (See FIG. 1-7 on page 5)



COLOR FIG. 2-11. Right and left atrial activation using an electrical anatomic mapping system. Detailed activation of both atria using the Carto system is seen in the LAO view. Left atrial activation occurs superiorly and inferiorly. See text for discussion. (See FIG. 2-11 on page 26)



COLOR FIG. 2-18. Electrical anatomic map of normal left ventricular activation. (See FIG. 2-18 on page 31)



COLOR FIG. 9-9. Anisotropic conduction over the epicardial free wall of the right atrium. An isochronic map and conduction velocities in 16 radii in response to central stimulation from a 240-pole plaque are shown. The plaque is positioned perpendicular to the A-V groove with superior vena cava (SVC) on top. The isochronic map shows an elliptical pattern with rapid conduction perpendicular to the A-V groove and slow conduction parallel to it. The numbers represent conduction velocities (CVS) along each radius. The ratio of fast (CVF) to slow (CVS) conduction, the anisotropy index, is » 2. These findings suggest the presence of uniform anisotropy. (See FIG. 9-9 on page 279)



COLOR FIG. 9-22. Activation of the atrium during counterclockwise flutter using the Carto system. Activation mapping of counterclockwise flutter is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. The grey zone demarcates adjacent earliest and latest sites. A full counterclockwise reentrant circuit is seen around the tricuspid annulus. (See FIG. 9-22 on page 291)



COLOR FIG. 9-23. Activation of the atrium during clockwise flutter using the Carto system. Activation mapping of clockwise flutter is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. The gray zone demarcates adjacent earliest and latest sites. A full clockwise reentrant circuit is seen around the tricuspid annulus. (See FIG. 9-23 on page 292)



COLOR FIG. 9-24. Activation of the atrium during atrial tachycardia around an atriotomy scar using the Carto system. Activation mapping of tachycardia around a prior atriotomy scar is displayed in colored isochrones with “earliest” activation in red and “latest” in purple. A full reentrant circuit is seen around the scar with an isthmus between the edges of the scar. The grey dots are double potentials. (See FIG. 9-24 on page 292)



COLOR FIG. 11-202. Recording of a rentrant circuit during VT associated with coronary artery disease. Activation map of VT using the Carto system in a patient with an inferoposterior infarction. VT arose from the inferolateral wall. The activation map is displayed in the posterolateral view. The VT circuit is demonstrated by analyzing the colored isochrones that display “earliest” activitiy in red, with sequential activation through yellow, green, blue, purple, and magenta (“latest” activation). Color scale is shown on the right. The grey zone is the region at “earliest” and “latest” activation abut. (See FIG. 11-202 on page 571)



COLOR FIG. 11-203. Recording of a reentrant circuit during VT associated with arrhythmogenic right ventricular dysplasia. Activation mapping of VT in the right ventricle is shown by analyzing the colored isochrones that display “earliest” activitiy in red, with sequential activation through yellow, green, blue, purple, and magenta (“latest” activation). A figure-of-eight pattern is shown. The tricuspid valve on the left forms an anatomic barrier for the circuit. (See FIG. 11-203 on page 572)



COLOR FIG. 11-237. Substrate mapping in a patient with VT associated with coronary artery disease. Comparison of sinus rhythm mapping and VT mapping in a patient with VT and old inferior infarction. Clockwise from upper left. Late potential, Duration, VT, and Voltage maps recorded using the Carto system. The heart is viewed in the PA position. Electrograms of latest activation (purple), longest duration (red), lowest voltage (red), correlate with the critical isthmus of VT (red). (See FIG. 11-237 on page 592)



COLOR FIG. 14-1. Standard ablation catheter with bidirectional curves. Ablation catheters typically have 4–5 mm tips and can be deflected in a variety of different manners. This particular catheter has deflection capabilities in two directions with different curves in each direction. (See FIG. 14-1 on page 712)



COLOR FIG. 14-31B. Ablation of a slowly conducting left posterior bypass tract. Note that the earliest activation is seen in CS bipolar pair 3 (arrow). This corresponds to a site 4 cm inside the OS of the CS at which site successful ablation was accomplished guided by electroanatomic mapping ( Panel B). (See FIG. 14-31 on page 735)



COLOR FIG. 14-32. Ablation of a slowly conducting parahissian bypass tract. Atrial activation is color coded in the electroanatomical map during circus movement tachycardia. The His bundle is marked by the orange circle and the ablation sites adjacent to it are shown. The earliest atrial activation is shown in dark red with subsequent activation in lighter red, orange, yellow, green, etc. This bypass tract was successfully ablated without producing heart block. (See FIG. 14-32 on page 736)



COLOR FIG. 14-46. Heterogeneous activation of the triangle of Koch and coronary sinus in AVNRT. Electroanatomic mapping of AVNRT is shown in a tilted LAO (top) and posterior (bottom) view. Some of the wall has been removed to allow visualization of the triangle of Koch. This is an isochronal map with 3 msec isochrones from red (earliest) to purple (latest). The entire triangle of Koch is activated nearly simultaneously ( white arrows). An additional early breakthrough is seen in the CS (white arrow). The His, CS OS and tricuspid valve (TV) are marked. No evidence of reentrant excitation is seen. (See FIG. 14-46 on page 746)



COLOR FIG. 14-53B. Role of electroanatomic mapping to guide ablation of focal tachycardia. The earliest activation was shown to be recorded in the inferolateral right atrium at the tricuspid annulus. Panel B. Electroanatomical mapping of the atrial tachycardia shown on top reveals earliest activation at the lateral tricuspid annulus. There is sequential spread to the rest of the atrium. Ablation at the earliest site ( red-brown dot) at which the white arrow is pointed, was successful. (See FIG. 14-53 on page 753)



COLOR FIG. 14-54A. Use of electroanatomic mapping to prevent inadvertent heart block during ablation of an atrial tachycardia, just adjacent to the His bundle. On top (A) is an electroanatomic map in a patient with atrial tachycardia occurring 5 mm superior to the His bundle. The site of earliest activation is denoted by the white arrow and brown dot. The site of the His bundle is shown by the orange dot and a long white arrow. 3 msec isochrones are shown in this tracing. Application of RF energy at this site immediately terminated the tachycardia. (See FIG. 14-54 on page 754)



COLOR FIG. 14-55. Scar-related atrial tachycardia from the superior and posterolateral right atrium. Electroanatomic mapping of an atrial tachycardia is shown in this figure. Scar is shown in gray and bright red is the site of earliest atrial activation. The red-brown dots toward which the arrow points are the site of success. (See FIG. 14-55 on page 754)



COLOR FIG. 14-57. Electroanatomic map of focal atrial tachycardia just above the mitral annulus. Electroanatomic mapping of an atrial tachycardia is shown with earliest activation in red and latest activation in purple at 5 msec isochronal steps. Note that the right atrium is late and it is activated in blues and purples. The earliest site of atrial activation ( white arrow) is shown just superior to the mitral annulus in red and was a site at which a single RF application ablated the tachycardia. (See FIG. 14-57 on page 755)



COLOR FIG. 14-58. Electroanatomic mapping demonstrating small left atrial reentrant tachycardia. The mapping of both the right and left atrium and 5 msec isochronal steps is shown in this figure. Earliest activation is seen in red, latest activation is seen in purple. The point at which earliest and latest activation meet is shown in dark burgundy. The arrows demonstrate reentrant excitation in this small area above the mitral annulus. A single lesion between the burgundy area and the mitral annulus terminated the tachycardia and prevented its reinitiation. If only right atrial activation were used, a focal tachycardia on the septum might have been



suggested, leading to failed RF application and a potential for heart block. (See FIG. 14-58 on page 756)



COLOR FIG. 14-61. Electroanatomic mapping of isthmus-dependent flutter. As described in Chapter 9, isthmus-dependent flutter can circulate around the triscuspid valve in a clockwise or counterclockwise direction as seen in the left anterior view. These two distinct patterns of activation are shown in the electroanatomic maps in this tracing. Activation proceeds from red to orange to yellow to green to a variety of blues to purple. The joining of the latest site with the earliest site is shown in dark burgundy. These activation maps are made in approximately 5 msec isochrones and clearly demonstrate the two types of rotation around the tricuspid annulus. (See FIG. 14-61 on page 758)



COLOR FIG. 14-62. Utility of electroanatomic mapping in ablating atrial flutter. Panel A. Counterclockwise flutter is shown around the tricuspid valve. Panel B. Using a posterior view, the isthmus between the triscuspid valve and inferior vena cava can be seen and linear lines of ablation can be drawn between the tricuspid valve and IVC. The arrow defines the isthmus that must be ablated. TV = tricuspid valve. IVC = inferior vena cava. (See FIG. 14-62 on page 758)



COLOR FIG. 14-65. Use of electroanatomic mapping to demonstrate the line of block during coronary sinus pacing. Panel A. On the left the activation pattern of counterclockwise flutter is shown with the tricuspid annulus and inferior vena cava being viewed in the inferior view. The isthmus is shown between the tricuspid valve and IVC. The line of ablation that must be achieved to cure flutter is shown by a series of brown dots. Panel B. On the right, during coronary sinus pacing following ablation, one sees a complete line of block with no activation proceeding across that line of block in either direction. Activation of the entire tricuspid ring remains counterclockwise except for the small portion that is situated between the pacing site and the line of block. The electroanatomic mapping system lets one evaluate whether there are any breaks in the line of block which may not be seen using the halo catheter or any single catheter in a fixed position. (See FIG. 14-65 on page 761)



COLOR FIG. 14-67. Demonstration of a lower loop of reentry using the electroanatomic mapping system. Counterclockwise flutter is shown by analyzing the activation sequence around the tricuspid annulus. However, if one carefully analyzes activation around the IVC, one can also demonstrate reentrant excitation. As in other electroanatomic maps, the earliest site of activation is arbitrarily shown in red with sequential activation to orange, yellows, greens, blues, and purples. A dark burgundy line demonstrates a line bordering the earliest and latest activation. Notice the densest isochrones appear in the tricuspid-inferior vena cava isthmus. (See FIG. 14-67 on page 762)



COLOR FIG. 14-69. The requirement of ablation across the Eustachian ridge to treat lower loop reentry. An electroanatomic map of lower loop reentry is shown in this figure. The tricuspid IVC isthmus is also shown. The Eustachian ridge lies between the coronary sinus and the IVC. Ablation of only the Eustachian ridge should prevent any lower loop reentry, as shown by the brown dots. A linear lesion across the isthmus should also simultaneously cure both upper and lower loop reentry, but occasionally the anatomy of this region makes a complete linear lesion impossible. It is in such instances ablation along the Eustachian ridge and from the CS to the tricuspid annulus may be necessary. See text for discussion. (See FIG. 14-69 on page 763)



COLOR FIG. 14-70. Ablation of scar-related atrial flutter/tachycardia using electroanatomic mapping. Panel A. A bipolar voltage map is shown during sinus rhythm in a patient with an atrial tachycardia (250 msec), following open heart surgery. Voltages less than 0.2 mv are shown in red and those over 1.5 mv are shown in purple. 1.5 mv is considered normal. Double potentials are shown with gray dots. The low voltage and double potentials denote signs of scar tissue. Panel B. Activation mapping during a tachycardia is shown. One can see reentrant excitation with activation proceeding through an isthmus bordered by two of the double potentials. The arrows describe the figure-of-8 reentrant circuit. Panel C. Ablation along the line of double potentials completes a line of block ( arrow) between the superior vena cava and the isthmus through which the circuit participated. This terminated the tachycardia and eliminated the possibility of its induction. (See FIG. 14-70 on page 763)



COLOR FIG. 14-75B. Ablation of atrial tachycardia radiating from the left superior pulmonary vein aided by electroanatomical mapping. Analog records of sinus rhythm and the onset of atrial tachycardia are shown in Panel B. Recordings shown are from the superior, lateral and inferior coronary sinus, the right atrium and the left superior pulmonary vein, along with four surface ECG leads. During sinus rhythm, the left superior pulmonary vein (LSPV) shows an initial slow component due to left atrial activation caused by a rapid, somewhat fractionated component ( arrow) due to activation of the pulmonary vein. CS activation superiorly (12 o'clock) occurs prior to 3 o'clock and 6 o'clock recordings from the CS suggesting activation over Bachmann's bundle. Atrial tachycardia then begins with reversal of the electrical signals in the left superior pulmonary vein with subsequent activation of the left atrium. (See FIG. 14-75 on page 769)



COLOR FIG. 14-86. Use of electroanatomic mapping to identify substrates of coronary artery disease. Electroanatomical mapping of a patient with ventricular tachycardia associated with an inferior posterior myocardial infarction is shown. Late potential mapping is shown in the top left in which purple represents the site of late potentials. The upper right is a map of electrogram duration with the longest durations being seen in red. Note that the longest durations are in a region similar to those of late potentials. In the lower left is a bipolar voltage map with red representing voltages of less than 0.1 mv. Purple represents voltages of greater than 5 mv. Yellow represents 1.5 mv above which everything is normal. Note that the abnormalities of voltage are also consistent with the abnormalities of activation and duration. Moreover, when ventricular tachycardia was mapped, the successful site of ablation was in the same area of the latest potential, the potential of longest duration and an area of lowest voltage. (See FIG. 14-86 on page 780)



COLOR FIG. 14-97C. Macroreentrant ventricular tachycardia around the ventricular aneurysm. Panel C. Electroanatomical mapping defined the borders of an aneurysm (tan circles) and demonstrated reentrant excitation around this aneurysm. (See FIG. 14-97 on page 790)



COLOR FIG. 14-98. Use of electroanatomic mapping to define the size of the central common pathway in reentrant ventricular tachycardia due to coronary artery disease. The electroanatomic map of ventricular tachycardia is shown in the posterior view. Red is the earliest site of activation using a generally second isochronic map. The sites at which concealed entrainment could be fulfilled are shown with green dots ( small arrows). Pink dots represent sites at which criteria were not met for concealed entrainment. Ablation was carried out at the site of concealed entrainment that appeared most distal in the central common pathway (closest to the onset of the QRS). Ablation at this site terminated the tachycardia instantly. The dimensions of the isthmus were 1.4 cm long by 0.5 cm wide. It is also of interest that the time spent in the central common pathway was rather brief, suggesting that conduction velocity was normal as the impulse went through the isthmus. Slower conduction appeared at turning points. See text for discussion. (See FIG. 14-98 on page 791)



COLOR FIG. 14-103. Use of substrate mapping and pacing mapping to guide ablation of untolerated tachycardia. An electroanatomic bipolar voltage map is shown in a patient with an inferior infarction with inferior and lower septal scar in whom ventricular tachycardia caused a cardiac arrest. Pacing identified an exit site that produced a QRS close to that of the tachycardia. This occurred at the border zone of the voltage map. Voltage in red are sites that are less than 0.3 mv, voltage in blue is a border zone at 1–1.25 mv, and voltage in purple is greater than 1.5 mv. A linear lesion was made through the exit site to the dense scar at the inferoseptal junction. The patient has had no recurrent arrest and short-term problems. (See FIG. 14-103 on page 794)



COLOR FIG. 14-104. Use of activation map, late potential map and voltage map to guide linear ablations for untolerated ventricular tachycardia. This patient had an inferoposterior infarction. All views are of the inferoposterior wall. On the top left is an activation map that showed latest activation in the midinferior wall. In the upper right is a late potential map in which the latest activation is also shown in purple. Again it coincides with the activation map. A voltage map was performed and shown in the lower left. Red indicates voltages less than 0.3 mv, the border zone is defined in blue between 1.25 and 1.5 mv, and normal tissue in purple exceeds 1.5 mv. Note that the whole inferior wall, which includes the late activation and late potential map site, is low voltage representing scar tissue. The pink dot represents the best pace map obtained in this patient. Note that it was between the border zone and the deepest part of the scar. A linear lesion was made from the border zone through the site of best pace map to the dense scar. A perpendicular lesion was also made through the dense scar. This patient has had no recurrent arrhythmias in six months. (See FIG. 14-104 on page 795)



COLOR FIG. 14-105. Voltage map of the right ventricle and arrhythmogenic right ventricular dysplasia. PA and RAO view of a voltage map in a 35-year-old-man with arrhythmogenic right ventricular dysplasia. The red areas are all areas of abnormally low voltage consistent with fibro-fatty replacement of the myocardium. Purple areas are normal. Note that the apex and basal free wall, as well as the posterior region around the outflow tract, show marked abnormalities of voltage. Right ventricular aneurysm and dyskinesis was present in all of these areas. The patient presented with multiple recurrent sustained ventricular tachycardia. See text for discussion. (See FIG. 14-105 on page 795)



COLOR FIG. 14-107. Requirement of a linear lesion to treat ventricular tachycardia in arrhythmogenic right ventricular dysplasia. An electroanatomic map of a reentrant ventricular tachycardia and right ventricular dysplasia is shown. A broad reentrant wavefront was observed. As a consequence a linear line between the latest area of activation and the earliest area of activation was made. This terminated the tachycardia and prevented its recurrence. (See FIG. 14-107 on page 797)



COLOR FIG. 14-108. Use of late potentials and scar to guide ablation in right ventricular dysplasia. An electroanatomic map of sinus rhythm is shown in a patient with right ventricular dysplasia. In the activation map, gray areas are scar, late potentials are denoted. The area of late potentials had relatively normal voltage. The voltage map demonstrates low amplitude superior to the scar and late potentials. Connection of the scar and ablation at the site of the late potentials was successful in preventing ventricular tachycardias. See text for discussion. (See FIG. 14-108 on page 797)



COLOR FIG. 14-121. Use of pace mapping and ventricular activation to guide ablation in idiopathic left ventricular tachycardia. Pace mapping and activation mapping provide the only method of observing RF ablation in the absence of entrainment mapping. (See FIG. 14-121 on page 808)



COLOR FIG. 14-123B. Mapping and ablation of ventricular tachycardia in post-op tetralogy of Fallot. Panel B. Electroanatomic map of VT with a clockwise rotation around infundibulotomy scar. See text for discussion. (See FIG. 14-123 on page 809)



COLOR FIG. 14-124A. Mapping and ablation of incessant ventricular tachycardia in a patient with Ebstein's anomaly of the tricuspid valve. Panel A. Demonstrates an electroanatomic map of automatic VT arising in the atrialized ventricle just distal to the His bundle. The displaced tricuspid valve is shown in beige ( broad arrow). VT origin is shown in red isochrone. VT ablation site is in brown (during VT and sinus rhythm). Orange is site of pressure recording. Note atrial pressure wave at RV recording site (orange dot in Panel A). (See FIG. 14-124 on page 810)
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