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Foreword: Historical Perspectives

The study of the heart as an electrical organ has fascinated physiologists and physicians for nearly a century

and a half. Matteucci' studied electrical current in pigeon hearts, and Kélliker and Miiller? studies discrete
electrical activity in association with each cardiac contraction in the frog. Study of the human electrocardiogram

awaited the discoveries of Waller® and, most important, Einthoven,* whose use and development of the string
galvanometer permitted the standardization and widespread use of that instrument. Aimost 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

His,®> 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 20th 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 observation of atrial (P
wave) and ventricular (QRS complex) depolarizations and their relationships to one another made at a relatively
slow recording speed (25 mm/s) 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 reviewed by the

late Langendorf.® 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.” 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, and Kottmeier et al. recorded the His bundle potential in man during open
heart surgery.® Giraud et al. were the first to record electrical activity from the His bundle by a catheter;'°

however, it was the report of Scherlag et al.,'" detailing the electrode catheter techniques 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."" were detailing the catheter technique of recording His bundle activity, Durrer
et al. in Amsterdam and Coumel and his associates in Paris independently developed the technique of

programmed electrical stimulation of the heart in 1967.72,'3 This began the first decade of clinical cardiac
electrophysiology. Although 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.'* Use of these techniques
subsequently furthered our understanding of the functional component of the A-V specialized conducting system,
including the refractory periods of the atrium, A-V node, His bundle, Purkinje system, and ventricles and enables
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 with the heart, first in the atria and thereafter in the ventricle.
This first led to development of endocardial catheter mapping techniques to define the location of bypass tracts

and the mechanisms of supraventricular tachyarrhythmias. >,

Beginning in the mid-1970s, Josephson and his colleagues at the University of Pennsylvania were the first to use
vigorous, systematic, multisite programmed stimulation in the study of sustained ventricular tachycardia (VT)
resulting from myocardial infarction, which allowed induction of VT in more than 90% of the patients in whom this

rhythm occurred spontaneously.’”, '8 19 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.’®,2°

In the same time period, Josephson et al.?’,?2,%3 developed the technique of endocardial catheter mapping of
VT, 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.?*

For the next decade, electrophysiologic studies continued to better understand the mechanisms of arrhythmias in
man by comparing the response to programmed stimulation in man in the response to in vitro and in vivo studies
of abnormal automaticity, triggered activity caused by delayed and early afterdepolarizations, 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 reentrant substrate could be functional or fixed or combinations of both. In
particular, the use of entrainment and resetting during atrial flutter and VT were important techniques used to

confirm the reentrant nature of these arrhythmias.2°,26 27 28 29 30 Resetting and entrainment with fusion became

phenomena that were diagnostic of reentrant excitation. Cassidy et al.®" using left ventricular endocardial
mapping during sinus rhythm, for the first time described an electrophysiologic correlate of the pathophysiologic
substrate of VT in coronary artery disease—a low-amplitude fragmented electrograms of long duration and late

potentials.!,3? Fenoglio, Wit, Josephson, 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.®® They demonstrated that the quality and quantity of abnormal
electrograms (and, hence, the pathophysiologic substrate) differed for sustained monomorphic VT, nonsustained
VT, and ventricular fibrillation in patients with prior infarction and cardiomyopathy. Experimental studies by

Gardner et al.>* demonstrated that these fractionated electrograms resulted from poorly coupled fibers that were
viable and maintained normal action potential characteristics but that exhibited salutatory conduction and 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 of the concept and
use of programmed stimulation as a tool for developing therapy for arrhythmias. The ability to reproducibly
initiate and terminate arrhythmias led to the development of serial drug testing to assess antiarrhythmic

efficacy.®® The ability of an antiarrhythmic drug to prevent initiation of a tachycardia that we reliably initiated in
the control state appeared to predict freedom from the arrhythmia in the 2- to 3-year follow-up. This was seen in
many nonrandomized clinical trials from laboratories in the early 1980.



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 was not
useful in selecting drugs to treat ventricular tachyarrhythmias in patients without coronary artery disease (i.e.,

cardiomyopathy).3® Despite the fact that all studies showed that patients with spontaneous VT whose
arrhythmias were rendered noninducible by antiarrhythmic agents far better than patients with persistently
inducible arrhythmias, the inability to accurately predict freedom from recurrence led to abandonment of

programmed stimulation as a modality to select antiarrhythmic agents. The ESVEM study,*” although plagued by
limitations in protocol and patient selection, put the nail in the coffin for programmed stimulation as a method of
selecting antiarrhythmic therapy of arrhythmias.

With the known limitation 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,>® 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 VT had grown from our understanding of the
pathophysiologic substrate of VT and coronary disease and the mapping of VT from the Pennsylvania group.
However, surgery was considered a rather drastic procedure for patients with a relatively benign disorder
(supraventricular tachycardia and the Wolff—=Parkinson—\White syndrome), and although successful for VT for
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 25 years; 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 Mirowski who initially demonstrated that an implantable defibrillator could convert VT or ventricular
fibrillation to sinus rhythm regardless of underlying pathophysiologic substrate and prevent sudden cardiac

death.3? The initial devices were implanted epicardially via thoracotomy have been replaced by small devices
with active cans and prevenous leads that are implanted pectorally similar to a pacemaker. Current devices may
have single chamber, dual chamber, and biventricular pacing capability. The antitachycardia pacing modalities
which evolve from clinical EP studies are widely employed and effective in terminating monomorphic gradient
from VT particularly those with rates. With several major trials showing a statistical benefit of ICDs in reducing
sudden death, there has been a widespread, logarithmic increase in the use of the device. | have removed the
chapter on implantable devices from this edition because there are multiple texts on the topic and the
electrophysiologic basis for their use is in the text.

The major thrust of the last 25 years has been the development and the use of catheterization techniques to
manage cardiac arrhythmias. The concept of using a catheter to deliver energy as an antitachycardia therapeutic

modality came from Dr. Melvin Scheinman*® who was the first to demonstrate the ability to ablate the A-V
junction via a catheter to control a ventricular rate in atrial fibrillation. Subsequently, the energy sources changed
from a defibrillator to radiofrequency energy which is the standard at this point in time. Nonetheless, additional
energy sources such as cryothermal energy, focused ultrasound, and laser energy are all currently being
evaluated as modalities to be delivered by a catheter to treat arrhythmias. At the present time focal ablation using
radiofrequency is the treatment of choice for all supraventricular tachyarrhythmias, including A-V nodal reentry,
circus movement tachycardias using concealed or manifested accessory pathways, incessant automatic atrial
tachycardia, isthmus-dependent atrial flutter as well as other macroreentrant atrial tachycardias, and VTs in both



normal hearts and those associated with prior infarction.*!,42 43 44 45 46 47 48 49 50 51 52 53 54 55 |n addition,
ablation has become the treatment of choice for VPC-induced cardiomyopathy. Most exciting has been the
development of the potential for ablation use in the treatment of atrial fibrillation. While the initial studies

suggested that isolating the pulmonary veins to prevent the pulmonary vein foci from initiating and maintaining

atrial fibrillation®,57,%8 59 have been used successful in paroxysmal atrial fibrillation, how best to treat persistent
and chronic atrial fibrillation still remains unclear. We still do not understand the basic mechanisms of
maintenance of atrial fibrillation, so it is not surprising that we don't know how to “fix’ it. While isolations with
radiofrequency energy have a reasonable acute success for paroxysmal atrial fibrillation reconnections are
common and recurrences frequent, particularly if monitoring is done continuously. There has been an interest in
using a variety of other lesion sets to treat persistent atrial fibrillation, but none have proved successful, and
many times additional atrial tachycardias are a consequence of additional linear lesions. Most recently new high-
resolution mapping systems and phase mapping using a new technology have been introduced in an attempt to
improve success and understand the underpinnings of the arrhythmia.

In order to reduce stroke cool-tip radiofrequency catheters have been deployed to decrease the coagulant
information resulting from noncooled-tip catheters to decrease the incidence of stroke, which remains a potential
complication of this ablation. There is an interest in developing new methods to decrease strokes by use of left
atrial occlusion devices one of which has just been FDA approved. How wide spread the use of these devices
will be is unclear, but they are certainly reasonable for patients who can't take anticoagulation and do not wish to
undergo a left atrial appendagectomy. New anticoagulants have been developed which will likely replace
Coumadin.

One major concept | believe that is critical is that we need to understand the mechanism of arrhythmias before
we try to “cure” them with ablation. This was easily done for supraventricular arrhythmias. The ability to
accurately define reentrant circuits causing VT and even the underlying mechanism of atrial fibrillation needs
further work. Although much has been accomplished, much work still remains. We must not let technology lead
the way. We electrophysiologists must maintain our interest in understanding the mechanisms of arrhythmias to
that we can devise nonpharmacologic or even pharmacologic approaches that would be more effective and safe
to manage these arrhythmias. New molecular approaches may be forthcoming in the near future. The world of
molecular biology has seen the recognition of ion channelopathies such as long QT syndrome, Brugada
syndrome, idiopathic ventricular fibrillation, and catecholaminergic polymorphic VT. Early understanding of these
disorders has led to potential ablative therapy, particularly in the Brugada syndrome, and the reintroduction of
old fashioned drugs like quinidine and programmed stimulation to treat the short QT syndrome, Brugada

syndrome, and idiopathic ventricular fibrillation.?°,6" 62 Cardiovascular genomics will play an important role in risk
stratification of arrhythmias in the future and new fields of proteomics and metabolomics will be essential if we
are to develop specifically targeted molecules to treat arrhythmias.

The past 45 years have seen a rapid evolution of electrophysiology, from one of understanding the simple
mechanisms to one of developing therapeutic interventions. The future will require us to go back to the past and
continue to understand more complex underlying mechanisms so that our therapeutic modalities will be more
successful and safe.
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Preface

The past 45 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, in particular, catheter ablation have made
nonpharmacologic 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, defibrillationist, or implanter are used to describe their practice. Their
zest for the application of such therapeutic modalities has been associated with a decrease in the emphasis of
understanding the mechanisms, clinical implications, and limitations of the therapeutic interventions used to treat
arrhythmias. Such behavior is often associated with a lack of, or limited, critical thought that is essential to the
development of a new therapeutic concept. There should be the development of a hypothesis, questioning the
rationale of the hypothesis, and the testing the hypothesis prior to widespread application of the therapeutic
strategy.

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 that is based on experience and, not infrequently, on intuition.
Mark E. Josephson, MD
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Chapter 1
Electrophysiologic Investigation: Technical Aspects

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 or two nurses (two nurses for complex ablations requiring conscious
sedation), a technician with radiation expertise, 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.’,? 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 Heart Rhythm Society (formerly, the North American Society for Pacing and Electrophysiology).3,* Based on
these recommendations, criteria for certification in the subspecialty of clinical cardiac electrophysiology have
been established by the American Board of Internal Medicine. Certifying exams are now given twice a year.
Recertification is required every 10 years. 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. This should be a 2-year program.
Recently, with the development of resynchronization therapy for heart failure, there has been an interest in
developing a program to train heart failure physicians to implant devices in their patients. At the least this should
be a program of 1 year, and in my opinion, should include training in basic electrophysiology. Such programs are
currently available in a few centers. Sufficient training is necessary for credentialing, which will be extremely
important for practice and reimbursement in the future.

One or, preferably, two nurses and a technician are the bare minimum support for simple EP studies and
devices. Complex ablations (AF, VT, etc.) should be supported by two nurses and a technician. This is critical for
safety, particularly with use of conscious sedation or anesthesia in patients in whom there is risk of life-
threatening complications. 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 nurses and a technician 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 online
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. A radiation technologist should also be available to assure proper equipment function



and monitor radiation dose received by patients and laboratory personnel.

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 Chapter 14). In addition, an anesthesiologist or nurse-
anesthetist usually provides anesthesia support for ICD implantation and/or testing. We use anesthesia for all
our atrial fibrillation ablations, and for ablative procedures in patients with fragile hemodynamics to
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enable us to maintain smooth hemodynamic control during the procedure. Anesthesia is also extremely useful in
elderly patients because of the frequent paradoxical response to standard sedation. Although conscious sedation
is usually given by laboratory staff, in the substantial minority of laboratories, anesthesia (e.g., propofol) is given
by the laboratory staff (nurse or physician) and not by an anesthesiologist.

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.',?,3,*

Finally a radiation technologist should be available to assure that excessive radiation is not delivered to the
patient or electrophysiology team.

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 fluoroscopy, and, in certain instances, is capable of cine-fluoroscopy 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. Currently the best systems are pulsed and digitally
based, which reduces the radiation risk and allow for easy storage of acquired data. The equipment must be
capable of obtaining views in multiple planes. Newer systems which markedly reduce radiation exposure enable
the electrophysiologist to move catheters at a distance or in the absence of the fluoroscopic system. Examples of
such systems are the Stereotaxis magnetic guided catheter positioning system and Hanson robotic system. The
Stereotaxis system is available at this time; it is expensive and requires special catheters, which add to the
expense. The Hanson system is currently not approved in the US, but is likely to be within the year. It is less



expensive but all catheters can be used. These systems are of most value for complex ablations (e.g., atrial
fibrillation or untolerated ventricular tachycardia), but seem excessive for most procedures. Other navigation
systems are also being developed with the goal of reproducible three-dimensional navigation and reduction of
fluoroscopy time and exposure. Currently, state-of-the-art equipment for the gamut of electrophysiologic studies
includes permanent radiographic equipment of the C-arm, U-arm, or biplane varieties. It is critical that dosimetry
to the patient is monitored. Guidelines for total dosage delivered during a single procedure are needed to
prevent radiation-induced injury should be mandated.

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 | believe this is both costly and unnecessary. The advantages of the
synthetic catheters are that they are cheaper and can be made smaller (2 to 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 deflectable 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
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are useful for specific indications described below, standard catheters can be used for most standard pacing and
stimulation protocols. We save our hospital thousands of dollars by using standard woven Dacron catheters for
all but the ablation catheter. Skilled catheterizers rarely require steerable catheters for positioning, the cost of
which is often >$500 in excess of standard catheters.

FIGURE 1-1 Electrode catheters routinely used. Woven Dacron catheters with varying number of electrodes and



interelectrode distances.

FIGURE 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 Chapter 2); (c) the occasional instance when it may be desirable to pass the catheter over a long guidewire
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 Chapter 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 to 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 Chapter 8],
crista terminalis [see Chapter 9]). Some ablation catheters have a cooled tip, one through which saline is infused
to allow for enhanced tissue heating without superficial charring (Biosense Webster and St Jude) or internal
cooling (Chili; Boston Scientific) (Fig. 1-3). Ablation catheters deliver RF energy through tips that are typically 3.5
to 5 mmin length but may be as long as 10 mm. 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, laser, cryothermal, or pulsed-ultrasound energy to destroy tissue are currently
under active investigation. The cryothermal catheters have recently been approved by the FDA for A-V nodal



modification for A-V nodal tachycardia (see Chapter 14) but are also being evaluated for other uses, that is, atrial
fibrillation. For this latter use a cryoballoon catheter has been developed (Arctic; Medtronic [Fig. 1-4]). 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. 1-5). Of particular note are
catheters shaped in the

P.4
form of a “halo” to record from around the tricuspid ring (Fig. 1-6), or a lasso catheter on a deflectable shaft to
record from 10 to 20 electrodes in the pulmonary vein/ostia, (Biosense Webster and St Jude) (Fig. 1-7) and
basket catheters (Fig. 1-8), which have up to 64 poles or prongs that spring open and which are used to acquire
simultaneous data
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from within a given cardiac chamber. A PentaRay catheter (Fig. 1-9) is available from Biosense Webster which
has five flexible splines with 4 electrodes on each spline allowing on to acquire 20 sites of activation. The 2-mm
interelectrode distance allows for high-density mapping. The floppiness of
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the splines sometimes makes for variable contact in misinterpretation of data. More recently Rhythmia Medical
(Boston Scientific) has developed a 64 pole roving catheter (Fig. 1-10). This mapping (minibasket) catheter has
an 8 F bidirectional deflectable shaft and a basket electrode array (usual mapping diameter 18 mm) with eight

splines, each spline containing eight small (0.4 mm?), low-impedance electrodes (total 64 electrodes). The
interelectrode spacing along the spline is 2.5 mm (center-to-center). Mapping can be performed with the basket
in variable degrees of deployment (diameter ranging 3 to 22 mm). The location of each of the 64 electrodes is
identified by a combination of a magnetic sensor in the distal region of the catheter and impedance sensing on
each of the 64 basket electrodes. The location of each basket electrode is obtained whether the basket is fully or
only partially deployed. Heparinized saline (1 U/mL) is infused through the central lumen of the catheter shaft at
1 mL/min, emerging at the proximal end of the basket to prevent thrombus. This

pP.7
catheter has a magnetic sensor and with its respiratory gating in the accompanying mapping system provides the
most accurate high-density mapping currently available. The magnetic locating system is similar to Carto,
Biosense Webster (see below).




FIGURE 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.
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FIGURE 1-4 Cryoballoon catheter for pulmonary vein isolation. Two sizes of balloon catheters (24 and 28 cm)
are available to deliver cryothermal lesions to the pulmonary vein ostia. A flexible lasso insets thru a lumen to
identify the osyia and record pulmonary vein potentials. See Chapter 14 for further discussion.

FIGURE 1-5 Multipolar, bidirectional deflectable catheter. Deflectable catheters with 10 to 24 poles that have
bidirectional curves are useful for recording from the entire coronary sinus or the anterolateral right atrium along
the tricuspid annulus.



FIGURE 1-6 Multipolar deflectable catheter for recording around the tricuspid annulus. While standard 10 to 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.

FIGURE 1-7 Lasso catheter. This lasso catheter is used to record from and pace inside the pulmonary vein ostia
before and after pulmonary vein isolation procedures (see Chapter 14). The catheter can also be used to create
an “anatomic” shell of a chamber as well as to acquire multiple simultaneous activation times.
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FIGURE 1-8 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.

FIGURE 1-9 PentaRay mapping catheter. This flexible, 20 pole catheter on 5 splines allows for high-density
activation mapping.



FIGURE 1-10 New micro basket catheter from Rhythmia (Boston Scientific). This catheter has a small, flexible
basket with 64 poles on 8 splines using small (0.4 mm) low impedance electrodes. It also has bidirectional
steering.

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, Webster (see Fig. 1-3). 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, ultra-low magnetic

field emitter, and the processing unit.® 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 (~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. New enhancements include respiratory gating,
assessment of catheter stability prior to ablation, and measurement of contact force to optimize the ablation
lesion. This is similar to the Rhythmia Medical mapping system which records from 64 poles in unipolar and
bipolar modes yielding the highest accuracy, but which requires a separate ablation catheter.

Another new mapping methodology, with its own catheter, is Ensite noncontact endocardial mapping system. An
intracavitary multielectrode probe (Fig. 1-11) is introduced retrogradely, transseptally, or pervenously into the

desired chamber and endocardial electrograms are reconstructed using inverse solution methods.® Endocardial
potentials and activations sequences are reconstructed from intracavitary probe signals by a mathematical
process called the “inverse solution.” Beat-to-beat activation sequences of the entire chamber are generated. It
represents both the inverse solution for 64 poles from which several thousand signals are interpolated in space.
Whether this technique offers enough spatial resolution to be used to guide precise ablation in large, and/or
diseased hearts, requires validation.

The number and spacing of ring electrodes on standard, contact mapping catheters 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.

FIGURE 1-11 The EnSite noncontact mapping probe. Mathematically derived electrograms from more than
3,000 sites can be generated from this olive-like probe (see Chapter 14).

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- to 2-mm apart electrodes. In my
experience, the “local activation time” is similar in normal tissue. The width and amplitude of the electrogram and
sometimes additional components of a multicomponent electrogram are more frequently seen with interelectrode
distances of 25 mm and may be absent when very narrow interelectrode distances are used. This is not
surprising since most of the local information recorded is from
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the tip electrode. 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, or
filtered recordings are used since they provide the most accurate information regarding local activation time as
well as directional information (Fig. 1-12). The peak negative deflection of the unfiltered bipolar signal



corresponds to the intrinsicoid deflection of the unfiltered unipolar signal (Fig. 1-13). The filtered unipolar signal
times with the most rapid dV/dT of the unfiltered signal and is the best approximate of local activation. Using
simultaneous unipolar and bipolar recordings allows one to determine which component of a multicomponent

signal is local and what the sequence of activation is (Fig. 1-14).” To facilitate recording unipolar potentials
without electrical interference, catheters have been developed with a fourth or fifth pole, 20 to 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.
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FIGURE 1-12 Unipolar recordings. The unipolar recording identifies local activity by the most rapid negative
(intrinsicoid) deflection.

Bipolar electrode
tip 3.5 mm: 2 mm interelectrode distance

Unipolar tip 0.05-500 Hz
Biphasic configuration

Bipolar 0.05-500 Hz
Triphasic configuration

Local activation (peak negative dV/dT) on unipolar
corresponds to peak negative deflection of bipolar signal

FIGURE 1-13 Relationship of unfiltered unipolar and unfiltered bipolar signals.

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-
15. 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 more than 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. In the near future, several manufacturers of
recording equipment will allow storage of individual cases on CDs. Currently this is possible on the Bard system.
This may allow analysis “off-site,”
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although tools for measurements are not readily available on standard laptops. There are several computerized
recording systems available; the most commonly used are Marquette (formerly Prucka) and Bard (see below).
The quality of the signal in each of the systems varies because of the way they are processed and filtered. |
believe the Bard system currently provides purer signals the Marquette but it is less user-friendly. Further
refinement should improve both systems. Filtering the signal can remove or add components to the signal which

are not the pure signal. Even a notch filter (60 Hz) can introduce artifactual complexity to the signal (Fig. 1-16).”

Multipolar EGM
Most rapid intrinsicoid deflection in unipolar EGM (m) corresponds
to sharp, peak negative deflection in bipolar EGM (arrow). Slower
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FIGURE 1-14 Usefulness of unipolar recordings to identify the local activation in a multicomponent bipolar
signal.

While computers are superb for storing data, they cannot automatically “mark” events of interest. Such events
are frequently missed by the electrophysiologist 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. | 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 limitation of strip chart recorders is difficult
data storage and the fact that most centers are paperless.
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FIGURE 1-15 Schema of laboratory setup for data acquisition, processing, and analysis.

Afixed 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
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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.

Effect of Notch Filtering on Intracardiac Signals
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FIGURE 1-16 Effect of notch filter on signals. A His bundle electrogram and right atrial (RA) are shown with and
without the use of notch filtering to remove 60 cycle interference. Notice the increase in complexity of the
electrogram with the notch filter on.

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 unipolar 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 [now Marquette], 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 V1 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. | 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, that is,
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 Chapters 11 and 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

P.11
destined when the signal is filtered between 30 or 40 Hz (high pass) and 400 or 500 Hz (low pass) (Fig. 1-17).
The capability of simultaneously acquiring open (0.05-0.5 to 500 Hz) and variably closed filters is imperative 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.

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 mnvs. 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 catheterization lab. As stated earlier, computerized systems have the
limitation of only saving that which the physician requests; much data are missed as a consequence. The ability
to store an entire case on a CD will make home evaluation of cases possible.

EFFECT OFFILTERING FREQUENCY ON HBE
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FIGURE 1-17 Effect of filtering frequency on the His bundle electrogram. From top to bottom in each of the
seven panels: a standard lead V1, 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.

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 yA); (c) the ability to pace at a wide
range of cycle lengths (10 to 2,000 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
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requirements and can be modified for a wide range of research purposes. | 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 than 20 years ago are still functional. Many
stimulators are incorporated into the lab systems and are computer based. | believe they are less flexible than
the Bloom stimulator and do not have the capability to respond with multiple modalities of stimulation during a



tachycardia.

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® 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
toward 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 2200 joules. Thus, it is our practice to
convert atrial fibrillation with an initial attempt at 2200 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.® Thus our standard procedure is to use =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.® A variety of bradyarrhythmias and tachyarrhythmias as well as ST-segment changes can be noted
postcardioversion. 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.® Ventricular arrhythmias, when induced, are usually short-lived.

Similar findings have been observed by Waldecker et al.'® 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
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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.’! We
prefer the short-acting medazolan (Versed) for sedation in our laboratory.

TABLE 1-1 Catheter Approach for Electrophysiologic Study

Electrogram Technique Entry Site

RA - Any vein

HBE Standard FV(R>L)
Torque-cont. MBV (L > R)
Figure-of-6 MBV
Left-sided Any artery

CS - MBV (L > R)

LA CS MBV (L > R)
Retrograde Any artery
RVOT Any artery

PFO (TS) RFV



RV - Any vein

LV Retrograde Any artery

TS RFV

A, artery; CS, coronary sinus; FV, femoral vein; HBE, His bundle electrogram; LA, left atrium; LV, left
ventricle; MBV, median basilic vein; PFO, patent foramen ovate; RA, right atrium; RV, right ventricle;
RVOT, right ventricular outflow tract; TS, transseptal; V, vein.

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 iliofemoral thrombophlebitis.
Severe peripheral vascular disease or the inability to palpate the femoral artery, which is the major landmark, is
relative contraindication. 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%-in, 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 guidewire. 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 armin 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 to 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
2,500 U of heparin is administered followed by 1,000 U/h, and for arterial sticks and direct left atrial access via
transseptal puncture a bolus of 5,000-7,500 U of heparin is used followed by 1,000 to 2,000 U/h. The activated
clotting time (ACT) is
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checked every 15 to 30 minutes and heparin dosage is adjusted to maintain an ACT, t = 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 guidewire may be
passed into the artery and then replaced with an 18-gauge, thin-walled 6-in 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 guidewire 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. Some investigators prefer the subclavian or
jugular approach, but | 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. 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, left ventricular access
may be impossible in the presence of a mechanical mitral valve.

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.’? 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.’® 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.'* Direct left atrial approaches are mandatory for ablation of left atrial or pulmonary vein foci or isolation of
the pulmonary veins (see Chapter 14). Most often, however, for routine diagnostic purposes initial assessment of
left atrial activation is approached indirectly by recording from the coronary sinus. This is most easily
accomplished from the internal jugular, subclavian, or brachial vein in the antecubital fossa (particularly 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, although safer than the jugular or subclavian
approaches, since pneumothorax or carotid artery injury cannot occur. Nevertheless, we routinely
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cannulate 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 (Fig. 1-18). Steerable catheters cost 50% to 500% 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 (RAQO) 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.



FIGURE 1-18 Schema of left ventricular endocardium. The left ventricle is opened showing the septum (2, 3, 4),
anterolateral free wall (7, 9, 11), superior and posterobasal wall (10, 12), and inferior surface (5, 6, 1, 8). Site 1 is
the apex.

Potentials from the anterior left atrium may be recorded from a catheter in the main pulmonary artery,'® and

potentials from the posterior left atrium may be recorded from the esophagus.'® 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 Chapter 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 1-19. The entire left ventricle is
readily approachable with the retrograde arterial approach while the transseptal approach is particularly good for
left ventricular septal tachycardias.

Multiple plane fluoroscopy is mandatory to ensure accurate knowledge of the catheter position. Electroanatomic
mapping with the Biosense Carto system or the recently approved Rhythmia Medical System (Boston Scientific)
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. The Ensite system (Navix processing) can give activation mapping in 3-dimensions,
similar to Carto and Rhythmia Medical, but requires two steps. The chamber must initially be created
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by contact mapping, following which point to point contact mapping is repeated. In my experience, the Navix
activation maps are similar to Carto or Rhythmia Medical, but not as accurate. Rhythmia Medical provides the
most accurate maps of stable tachycardias. Voltage mapping correlating with scar has only been validated using
Carto. Another localizing system, which can be used with multiple catheters, but which has only localizing (no
activation maps), is also available (LocaLisa, Medtronic, Inc.).

RAO LAO

FIGURE 1-19 Cannulation of the coronary sinus by looping the catheter in the right atrium. In this RAO view
cannulation of the CS was achieved by looping the catheter in the RA (red arrows). Dashed lines outline body of
coronary sinus.

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 due to the large size
of the far field and/or cavity potential which swamp local unipolar signal because the amplitudes are restricted by
the recording apparatus. However, filtering the unipolar signals will remove the far field signal, allowing one to
assess local activation. The negative peak deflection of the filtered unipolar (30 to 500 Hz) signal corresponds to

the maximum dV/dT of the unfiltered signal, thereby identifying local activation (see Fig. 1-13).” Unipolar
recordings allow one to assess whether the tip or second pole is responsible for the early components of the
bipolar electrogram. Unipolar (unfiltered and/or filtered) recordings are particularly useful in normal hearts or in
evaluating atrial and ventricular electrograms in the Wolff—Parkinson—White syndrome or focal tachycardias.
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 Chapters 11 and 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 to 3
French) catheters have been developed to probe the branches of the coronary sinus. While diagnosis and
ablation of epicardial VT via the coronary venous system have some potential merit, the value of this approach
for epicardial ventricular tachycardias is limited by the inability to record from all LV regions and damage to the
adjacent coronary arteries. Direct epicardial mapping via a percutaneous approach to the pericardium has been

suggested as a method to localize and ablate “epicardial” ventricular tachycardias (see Chapters 11 and 14)."”

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 Chapter 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 Chapter 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 Chapter 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
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appears between them, representing the His bundle electrogram (Fig. 1-20). 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. 1-21). 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 Chapter 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.
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FIGURE 1-20 Method of recording the His bundle electrogram. The ECG lead V1 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). Hd, distal His bundle potential; HP, proximal His bundle potential; RB, right bundle branch
potential; V, ventricle. See text for explanation.

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 IVC 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.

PR=290 msec
—— —

5 A
HRA 5 HH' =75 'jﬁ
. i = msec
dist HBE A %
mid HBE : -
A H AH =150 msec A
ox HBE —
prox | WV 135 msec Y
T'"" N 1 1 " N i M " M M i, I

FIGURE 1-21 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 (HH' = 75 msec) can be recognized using these catheters. A, atrium; HBE, His bundle
electrogram; HRA, high-right atrium.

The natural course of a catheter passed from the upper extremity generally does not permit the recording of a



His
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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. 1-22).
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. 1-23). 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. 1-24).

FIGURE 1-22 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.

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 (a women with acute
myocardial infarction, cardiogenic shock, and ventricular tachycardia) 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% and, in are higher for ablative procedures for atrial fibrillation (see Chapter 14). The
increased complications of procedures in which RF ablation has been part of the procedure are consistent with
recent observations in the US and abroad. 8,19 20 21 22

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 0.05% 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.
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FIGURE 1-23 Simultaneous recording of the His bundle electrogram from catheters advanced from the upper
and lower extremities. From top to bottom: standard leads 2 and V1, 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.

Phlebitis

Significant deep vein phlebitis, either sterile or septic, has not been a serious problem in our practice (it has
occurred in 0.03% 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 Il 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 msec. 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.
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FIGURE 1-24 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.

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.'® have published their complications in 1,062 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 <0.1%
undergoing diagnostic studies. The incidence is highest during AF ablation (0.75% in our lab and as high as
1.9% in other labs [Behassen abstract]) primarily because of the need for transseptal puncture and high
anticoagulation (ACT 275 to 375 seconds). 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 Chapter 14). Perforation with or without tamponade is
more frequent during procedures involving ablation (approximately 0.05%).

The safety of electrophysiologic studies has been confirmed in other laboratories and in published reviews of this
type.'”,18

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 (see Fig. 1-16).” 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. 1-25).
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FIGURE 1-25 Repolarization artifacts. From top to bottom: standard leads 1, 2, and V1, 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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Chapter 2
Electrophysiologic Investigation: General Concepts

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 different types of electrogram recordings, 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.

Electrogram Recordings

As discussed in Chapter 1, electrograms can be recorded as unfiltered or filtered unipolar signal or bipolar signals. Unipolar signals provide
precise activation and give directional information. When unfiltered, significant far field activity is recorded that can make it difficult to see small
local unipolar signals without increasing the size of the signal so much it swamps the amplifier. Respiratory drift is another problem. Filtering the
unipolar signal gives precise localization and removes far field activity but often results in a very small signal, particularly in infarcted tissue. A
bipolar signal approximates the timing recorded by the filtered unipolar signal, particularly with narrow interelectrode distances (<2 mm) and
removes far field signals, but does not give the directional information of the unfiltered unipolar signal. For ablation, particularly for the WPW
syndrome and idiopathic VPCs/VT (see Chapter 14), it is important to record both simultaneously to assure the earliest components of the bipolar
signal are derived from the distal pole, which is used for ablation, and not the proximal pole. Use of notch filters can add artifactual complexity to
the signal and should not be used routinely. If there is severe 60-Hz interference, eliminating such noise is preferable.

Measurement of Conduction Intervals

The accuracy of measuring an intracardiac interval is related to the recording mode (unipolar or bipolar; see Chapter 1) and the computer screen
or paper speed at which the recordings are made. Since most electrophysiologists use filtered bipolar recordings as the default mode the
discussion of such measurements will be limited to results using these recordings. The range of speeds generally used is 100 to 400 mnvVsec. The
accuracy of measurements made at 100 mmy/sec is approximately +5 msec, and the accuracy of measurements made at 400 mmy/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 recording 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 2200 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.” 2,545 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- to 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 (RBB) potential. Validation of the His
bundle potential can be accomplished by several methods, described below.
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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 pre-excitation, the time from depolarization of the

proximal His bundle to the onset of ventricular depolarization ranges from 35 to 55 msec.”,® Furthermore, the RBB 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 pre-excitation.

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).° Thus, when a
multipolar (=3) 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 three
bipolar electrograms over a 1.5 cm distance. Use of more closely spaced electrodes (1 to 2 mm) does not add a more accurate recording of the



proximal His potential, since a His potential can be recorded up to 8 mm from the tip. However, use of a decapolar catheter with 1- to 2-mm
interelectrode distance can record proximal, mid, and distal recordings of the His bundle as well as the RBB potential. 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,
that is, 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.

DISTAL PROXIMAL

_

FIGURE 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 V1 are ECG leads. 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 junction of the noncoronary and right coronary 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
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branch (LBB) 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 LBBs and RBBs are depolarized virtually

simultaneously, '° the LBB potential can be used to distinguish a true His bundle potential from an RBB potential; earlier inscription of the venous
His bundle deflection suggests that it is a valid His bundle potential.
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FIGURE 2-2 Validation of the His bundle potential by simultaneous right- and left-sided recordings. ECG leads 1, aVF, and V1 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.'",'2,13 14 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.
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FIGURE 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.

The major criticism of this technique is the inconsistency with which His bundle pacing can be accomplished, especially at low current output

(mA). 8,17 18 Higher mA may result in nonselective His bundle pacing, particularly if a catheter with an interelectrode distance of 1 cmis 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.® Because
intraoperative pacing of the distal His bundle usually results in ventricular pacing (in 94% of patients) over a wide range of mA, 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 (AVCS). 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.
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FIGURE 2-4 His bundle pacing at multiple cycle lengths. All panels are arranged from top to bottom as leads 1, 2, V1, 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.

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 reproducible deflection



from baseline (Fig. 2-5). This is not the activation time at the site (see Chapter 1). Because the exact point in time within the atrial electrogram

when the impulse encounters the A-V node is not known, and the atrial component of the HBE often has multiple components, 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.2°
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 demonstrated that the A-H interval may vary according

to the site of the atrial pacemaker.2!,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
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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)1,2,3,4569 14 18 23 24 25 26 27 28. the values in children are lower.” 8 2° 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.

7 YA\
2_/\__JM

Vi

_HRA 1),
cs _jvo____&.

wee |/ 'L.n. |
ﬁ fi@: u[\ 200 msec

T P

FIGURE 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 section “A-H interval” for discussion. CS, coronary sinus.

TABLE 2-1 Normal Conduction Intervals in Adults

Laboratory P-A AH HV H

Narula et al.2,5 25-60 50-120 3545 25

Damato et al.1,3,18,28  24-45 60-140 30-55 10-15

Castellanos et al.6 20-50 50-120 25-55 —

Schuilenburg23,24 85-150 35-55 — —

Puech et al.4,14 30-55 45-100 3555 —

Bekheit et al.25,26 10-50 50-125 3545 15-25



Rosen27 9-45 54-130 31-55 —

Author 60125  35-55 10256 —

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.”,® 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:

|. 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 an RBB or a

distal His bundle potential. This view is supported by direct intraoperative recordings.”

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
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has been demonstrated to correlate with intra-His conduction time, 3 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 V1 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.3" 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 V1 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 Chapter 4).
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FIGURE 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 Chapter 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).1,2,3456 914 18 23 24 25 26 27 28 Geyeral factors, however, render the P-A interval an unsuitable measure of intra-atrial conduction:



I. The onset of endocardial activation may precede the P wave (Fig. 2-7).32

v

. Amore distal position of the His bundle catheter can result in a longer P-A interval.3®

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 studies have demonstrated that even this assumption is not universally true.32
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1. 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.
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FIGURE 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 and 30 msec, respectively, in this patient with dextroversion.

To assess atrial conduction more accurately, we have used endocardial mapping of the atria in our laboratory for several years. A general
assessment of intra-atrial conduction can be made using catheter recordings 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 the transseptal 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.3* Since the peak may be “clipped” by the amplifier, the point at
which the largest rapid deflection crosses the baseline is often used. | 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 best measure activation times of a multicomponent atrial electrogram has not been established. In my
opinion, all rapid deflections can be considered relatively local activations (i.e., within a few millimeters). Unipolar signals can help determine the
component which is closest to any recording electrode (see Chapter 1). 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 Chapter 11). As
such, fragmented electrograms are a manifestation of nonuniform anisotropy. A normal atrial endocardial map is shown in Figure 2-9.
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FIGURE 2-8 Atrial endocardial mapping sites and mean activation times in normal persons.

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 [bpm]), and early activation of the midright atrium is more common at rates less than 60
bpm. 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).%2,33 35 In patients with LAE, the P-to-coronary sinus

activation time is prolonged with little change in right-sided activation (Chapter 4).%6

Activation of the left atrium is complicated. Three routes of intra-atrial conduction are possible: (a) superiorly through Bachmann bundle, (b)
through the midatrial 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 Bachmann bundle can be observed in 50% to 70% of
patients using the CS, but in nearly all patients with normal atria using transseptal access to the left atrium. It can be demonstrated by distal
(superior and lateral) coronary sinus activation preceding midcoronary sinus activation but following proximal (os) coronary sinus activation (Fig. 2-
10). The Carto system allows for accurate display of right and left atrial activation, since one can record several hundred sites in both atria. A
detailed map of both atria using
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this technology is shown in Figure 2-11. Left-to-right atrial activation during distal coronary sinus pacing rarely appears to use Bachmann bundle
but primarily crosses at the fossa and low septum. This is particularly true when the recording from the “HRA” is from a catheter in the right atrial
appendage, which, not unexpectedly, fails to demonstrate early high-right atrial activation in response to such pacing. If the superior septum s
carefully mapped during distal CS pacing, an early breakthrough is usually seen, suggesting propagation over Bachmann Bundle.

Information about the antegrade and retrograde atrial activation sequences is critical to the accurate diagnosis of supraventricular arrhythmias

(Chapter 8).32,37 38 39 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,*" 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 high-left atria (Fig. 2-12). Recently more detailed atrial mapping during ventricular pacing has demonstrated a complex pattern (see
Chapter 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).
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FIGURE 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. CS, coronary sinus; HBE, his bundle electrogram; HRA, high-right atrium; LRA, low-right
atrium.

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, refractoriness, and total recovery (sum of local activation and refractoriness) in arrhythmogenic
conditions; (c) to distinguish between proximal and distal RBB block; (d) to distinguish LBB block from left ventricular intraventricular conduction
defects; (e) to define the site of origin of ventricular tachycardia; (f) to localize the ventricular site of pre-excitation; (g) to evaluate the degree of
inter- and intraventricular dysynchrony as a predictor of resynchronization therapy and optimal LV lead placement, and (h) to define a

pathophysiologic substrate of arrhythmogenesis that may help to distinguish patients predisposed to lethal arrhythmias.*?,43,44 45 46 47 48 49

Although recording electrograms from the right ventricular apex has been used during the past 40 years to distinguish proximal from distal RBB

block,*4,%0,5" 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 free wall or
“septal” side of the outflow tract in patients without ventricular disease has been recognized (see Chapter 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
P.30
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right ventricular apex range from 5 to 30 msec.5%,5" The RV free wall at the insertion of the moderator band into the anterior papillary muscle
(apical third of the RV free wall) is typically the earliest site of RV activation and precedes the apical septum by 5 to 15 msec. This is dependent on
if there is continuation of the RBB toward the apical septum (<25%) or the apical septum is activated from Purkinje fibers coming off the RBB in the
moderator band (see Chapter 5). Differences in this timing 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.** Patients with proximal
RBB block (long V to RV 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 RBB can facilitate determining the site of RBB block/delay or establish whether a tachycardia mechanism requires the RBB
(e.g., bundle branch reentry).
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FIGURE 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 (CS 1) is located anteriorly, CS 3 is lateral, and CS os is ~1 cm inside the ostium of the

CS. Note the CS is activated earlier than the lateral CS, but the proximal CS is activated even earlier. This suggests left atrial activation occurs
over both Bachmann bundle and the low atrial septum. See text for discussion.

FIGURE 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.
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FIGURE 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.
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FIGURE 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 secondarily in the CS (or SP). See text.

We have actively pursued detailed evaluation of endocardial activation of the left ventricle during sinus rhythm in our laboratory.#2,43 45 48 49 \\e
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
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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 noted no difference in activation time or
electrogram characteristics when a 5-mm recording interelectrode distance was used on the same catheter. 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.
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FIGURE 2-14 Change in retrograde atrial activation during ventricular pacing. Leads |, Il, 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 HIS p 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.

FIGURE 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.)
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FIGURE 2-16 Endocardial electrograms from a normal left ventricle. Left, a posterobasal site. Right, the midseptum. Surface
electrocardiographic leads 1, aVF, and V1 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 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. Circulation 1984;70:37-42.)

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.



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.) require new standards for normals since different electrode size, interelectrode distance, and configuration (unipolar vs.
bipolar) as well as different filtering are used. The Biosense Webster system can measure absolute unipolar
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or bipolar voltage and automatically chooses an activation time which can be adjusted by the operator. In early versions it was possible to create
off-line late potential and electrogram duration maps. This will probably be reintroduced in newer models. Integration with laboratory systems is
possible, and has already been accomplished in the Prucka system. With the Carto system, which uses a 4-mm tip and 2-mm interelectrode

distance, the Penn group®2,3 found normal bipolar LV electrograms to have an mean amplitude of 1.62 mV and the RV an amplitude of 1.47 mV.
These signals were filtered at 30 to 150 Hz. We have noted similar values of ~1.5 mV in the LV and 1.40 mV in the RV, with higher values in the LV

in the presence of LVH. Callans et al.>* defined scar in an porcine model of infarction of ~0.5 mV using both echo and pathology. Similar values in
humans have been proposed by Marchlinski et al.>2 using nuclear scan as a correlate. We have found dense transmural scar to have amplitudes
of <0.1 mV in our initial mapping studies,*® and similar values using Carto with MRI defined scar as a correlate. These findings are critical for

substrate mapping (see Chapter 14). The Penn group®®,56 has suggested that unipolar recordings may be useful in detecting subepicardial or
intramural disease. Normal LV values are >8.3 mV; lower values are said to represent loss of cells and fibrosis/scar. They even suggest it might be

able to distinguish nonreversible cardiomyopathy.°,% | believe this requires validation. We have seen patients, particularly those with
hypertrophy, have extensive scar detected by diffuse delayed gadolinium enhancement on MRI but who have normal bipolar and unipolar
recordings. The degree of filtering effects recordings. Filtered bipolar recordings are a reflection of rapid conduction, while unfiltered (0.05 to 500
Hz) recordings reflect volume of tissue and direction of propagation. Hence they measure different things.

Any time catheters with different sized electrodes are used, new normal values need to be established. It is important to recognize the fact that our
initial studies used both amplitude and duration to define electrograms. This requires a fixed gain at which the electrograms are recorded,
something newer technology currently does not have available.

Description of Electrograms

In our initial studies 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 Chapter 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 Tables 2-2 and 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 < 0.001), and to have a lower amplitude/duration ratio (0.166 vs.
0.144 mV/msec; p < 0.05) (Table 2-2). As noted earlier normal RV and LV voltage have been determined using the Navistar (Biosense Webster) 4-
mm tip catheter. No other catheters have been used to obtain normal values. As such, normal values for voltage need to be determined when other
tip size or interelectrode distance is used.

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.

We observed a definite pattern of left ventricular endocardial activation, although some patient-to-patient variability existed. The midseptum and
the inferior wall adjacent to the midseptum was the earliest area of left ventricular endocardial activation, while the superior-basal aspect of the
free wall was a third endocardial breakthrough site. Sometimes the earliest septal and inferior sites were close to one another, but in the majority
(10/15, 67%) earliest sites of endocardial breakthrough were nonadjacent. 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 able to discern a distinct third endocardial breakthrough

site, in the vast majority of patients analogous to that noted by Durrer et al.5” The inability to see
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this universally was most likely due to the limitation of defining discrete activation sites, particularly at the midseptum and adjacent inferior wall
using nonsteerable catheters. 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.”

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

Characteristics

All Sites

Basal Sites

Nonbasal Sites

p Value

Amplitude (mV)

Mean £ SD

95% 23.0

Range 1.5—21

Duration (msec)

Mean + SD

95% <70

Range 18—82

Amplitude/duration ratio (mV/msec)

Mean

95% 20.046

Range 0.031—438

Number of electrograms

6.7+3.4

0.133 £0.073

112

6.5+3.2

0.116 £ 0.070

45

6.9+3.5

0.144 £ 0.074

67

NS

<0.001

<0.05

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

Number

Patient 1AD 2AD 3AD 4AD 5AD 6 AD 7AD 8 AD 9AD 10 AD 11 AD 12 AD
1 6.7/45 4.8/50 5.4/62 3.1/69  6.5/62 3.7/72 7.0/60 .0/70 4.2/52 3.2/70 6.0/50 6.2/56
2 8.5/60 9.0/55  7.3/56 — 7.8/55 7.5/50 11.2/50  7.5/52 3.2/60 8.5/60 45/52  8.5/48
3 21/48 5.6/48  4.5/57 3.3/62  9.3/53 4.4/62 7.0/46 2.0/48 4.8/56 3.0/63 — —
4 4.8/47 4.7/48  6.0/40 — 5.1/40 4.8/48 9.7/40 9.3/46 5.4/18 11.5/62 5.2/40 8.2/40
5 3.3/48 10/40 2/25 6.3/42  6.2/26 8.0/22 3.3/26 9/43 7/30 10.6/46  3/58 6/28
6 6.8/46 8.5/50  5.3/52 — 7.8/52 5.2/70 3.9/33 7.1/59 — 3.4/76 4.8/53 6.2/68
7 11.2/58  5.4/65  4.4/60 3.8/69  2.9/55 7.2/79 6.4/65 11.5/80 17.5/62  7.8/56 45/70  3.6/58
8 2.7/137 8.5/40  1.6/51 3.4/56  5.2/47 3.0/49 4.5/46 4.5/59 5.0/64 2.8/58 4.7/121 1.5/46



9 9.2/55 6.7/57 14.5/60 5.0/75 15.1/53  6.0/82 7.8/45 .0/78 8.5/60 14.5/75 8.8/50 —
10 13/50 6.6/50 4.4/54 6.4/70 — 11.4/75  9.3/46 5.0/70 10.0/60 15.5/70 6.5/49  8.5/67

aSites correspond to those in Figyre 2-15-

A, amplitude in millivolts; D, duration in milliseconds; —, no electrogram recorded.

Our data had limitations. One was the use of a 1-cm interelectrode distance for recording our electrograms. We 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- to 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. For the last decade we have
used the electrical-anatomic mapping system (Carto System, Biosense,
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Inc.) and have been able to routinely acquire 100 to 200 activation points in the left ventricle (Fig. 2-18) which are also spatially depicted and
stored in three dimensions. The data were similar to our original findings but could distinguish in greater detail breakthrough sites and conduction
abnormalities. The “normal” standards are available for this system (see preceding paragraphs), although this is more relevant to evaluation of
electrogram amplitude, width, and configuration, not activation.
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FIGURE 2-17 Analog record and isochronic map of ventricular endocardial activation for a normal patient. On the right are analog recordings of
1, aVF, V1, and electrograms from left ventricular endocardial sites. 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.

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:

I. Characterize the physiologic properties of the AVCS, 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 AVCS, atria, and ventricles and their efficacy in the treatment
of arrhythmias.
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FIGURE 2-18 Electrical-anatomic map of normal left ventricular activation.

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 AVCS. Pacing from different atrial sites may result in different patterns

of A-V conduction.?",22 58 Thus, pacing should be performed from the same site if the effects of drugs and/or physiologic interventions are to be
studied.
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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.?° 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 Chapter 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.?° 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. 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).",2,2,4,5 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).5",52 63 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.



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 pre-excitation, 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.* 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.

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).55 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,2",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.® 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. Occasionally persistent two-to-one block occurs as a self-
perpetuating phenomenon. Repeating the atrial pacing at log cycle lengths with gradual reduction of the paced cycle length will show normal one-
to-one conduction up to A-V nodal Wenckebach; thereby demonstrating the
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production of infra-His block by rapid atrial pacing was a physiologic phenomenon. Prolongation of the H-V interval or infra-His block, however,
produced at gradually reduced paced cycle lengths of 400 msec or more are abnormal and probably signify impaired infranodal conduction (see
Chapter 5).
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FIGURE 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.
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FIGURE 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 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).
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FIGURE 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
(Ae, arrow) that is due to A-V nodal reentry. CL, 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.6 68 69 70 Although most studies have demonstrated that at comparable paced rates, antegrade conduction is better than

retrograde conduction in most patients.”®,”",72 Narula’® suggested that retrograde conduction, when present, was better than antegrade

conduction. This divergence from the rest of the literature obviously reflected a selected patient population. In 1981, Akhtar’* 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 Chapters 8 and 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.”*
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FIGURE 2-22 Paced cycle lengths producing A-V nodal Wenckebach block (AVNW).

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.”®,”",72,74 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.”® Furthermore, in patients with second-

degree or third-degree A-V block, the site of block determines the capability for V-A conduction.”®,”4 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.”® 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
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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 Chapter 8) or
during stimulation studies to initiate ventricular arrhythmias (see Chapter 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 (Chapter 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 (Para-Hisian pacing) 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 RBB 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 RBB block during right ventricular pacing (Fig. 2-24), but can be seen during LV stimulation or spontaneous LV impulse formation in
patients with LBBB.
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FIGURE 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.

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. 2-25C). 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.”#,75,76 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 Chapter 8).

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
P.40
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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.
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FIGURE 2-24 Relationship of antegrade H-V interval to V-H interval during ventricular pacing. All four panels are organized as leads 1, aVF, V1,
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.
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FIGURE 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.
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FIGURE 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.

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).

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.

FIGURE 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.
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FIGURE 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.

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 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.

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.”” 8,79 80 Because refractoriness of cardiac tissues depends on prior
cycle length, refractory periods should be determined at a fixed cycle length within the physiologic range (1,000 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 (295%) stabilization
of refractoriness, which is usually accomplished after the first three or four 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.2! 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).8" 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.

The determination of antegrade and retrograde refractoriness with atrial extrastimuli and ventricular extrastimuli, respectively, is demonstrated in
Figures 2-31 and 2-32. Itis
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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.

TABLE 2-4 Definition of Terms

S1, A1, H1, V1: stimulus artifact, atrial, His bundle, and ventricular electrograms of basic drive
S2, A2, H2, V2: stimulus artifact, atrial, His bundle, and ventricular electrograms of premature beat

Antegrade Refractory Periods

Effective refractory period (ERP) of the atrium: the longest S1-S2 interval that fails to result in atrial depolarization

ERP of the A-V node: the longest A1-A2 interval measured in the His bundle electrogram that fails to propagate to the His bundle

ERP of the His—Purkinje system (HPS): the longest H1-H2 interval that fails to result in ventricular depolarization

ERP of the atrioventricular conduction system (AVCS): the longest S1-S2 interval that fails to result in ventricular depolarization
Functional refractory period (FRP) of the atrium: the shortest A1-A2 interval in response to any S1-S2 interval

FRP of the A-V node: the shortest H1-H2 interval in response to any A1-A2 interval

FRP of the HPS: the shortest V1-V2 interval in response to any H1-H2 interval

FRP of the AVCS: the shortest V1-V2 interval in response to any S1-S2 interval

Relative refractory period (RRP) of the atrium: the longest S1-S2 interval at which the S2-A2 interval exceeds the S1-A1 interval (latency)
RRP of the A-V node: the longest A1-A2 interval at which the A2-H2 interval exceeds the A1-H1 interval

RRP of the HPS: the longest H1-H2 interval at which the H2-V2 interval exceeds the H1-V1 interval or results in an aberrant QRS complex



Retrograde Refractory Periods

ERP of the ventricle: the longest S1-S2 interval that fails to evoke a ventricular response

ERP of the HPS: the longest S1-S2 or V1-V2 interval at which S2 or V2 blocks below the bundle of His. This measurement can be made
only if H2 is recorded before the occurrence of retrograde block

ERP of the A-V node: the longest S1-H2 or H1-H2 interval at which H2 fails to propagate to the atrium

ERP of the ventriculoatrial conduction system (VACS): the longest S1-S2 interval that fails to propagate to the atrium

FRP of the ventricle: the shortest V1-V2 interval as measured on the surface

ECG or local ventricular electrogram in response to any S1-S2 interval

FRP of the HPS: the shortest S1-H2 or H1-H2 interval in response to any V1-V2 interval

FRP of the AVN: the shortest A1-A2 interval in response to any H1-H2 interval

FRP of VACS: the shortest A1-A2 interval in response to any S1-S2 interval

RRP of the ventricle: the longest S1-S2 interval at which the S2-V2 interval exceeds the S1-V1 interval. The V is measured from the
surface ECG or a local electrogram at the site of ventricular stimulation

RRP of VACS: the longest S1-S2 interval at which the S2-A2 interval exceeds the S1-A1 interval
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FIGURE 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.)
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FIGURE 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.)
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FIGURE 2-31 Method of determining antegrade refractory periods. A-E: The effects of progressively premature atrial extrastimuli (S2) delivered
during a paced atrial cycle length (S1-S1) of 600 msec. There is progressive prolongation of A-V nodal conduction (increase in A2-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.
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FIGURE 2-32 Ventricular extrastimulus technique. A—E: The effects of progressively premature right ventricular (RV) extrastimuli (S2) at a basic

cycle length (BCL; S1-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 (S2-H2 prolongation). At a very short coupling interval (S1-S2 = 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 ERP tends to decrease with decreasing drive cycle lengths.82,83 This phenomenon is
most marked in the His—Purkinje system (Fig. 2-33). Of note the refractory period of the RBB, which is longer than the LBB during sinus rhythm,
tends to shorten more than the LBB explaining the increased prevalence of RBBB aberration at long cycle lengths and LBBB aberration at short

cycle lengths. The A-V node, in contrast, behaves in an opposite fashion; the ERP increases with decreasing cycle lengths.2" 82,83 The

explanation for the behavior of A-V nodal tissue has been
P.46

suggested by Simson et al.2* 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 (APD). 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 (A2). It is significantly determined by the A-V nodal conduction time of the
basic drive beat (Al-HI); the longer the Al-HI, the shorter the calculated FRP at any A2-H2 interval (FRP = HI-H2 = [A-A2 + A2-H2] — [Al-H1]).
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FIGURE 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 (Al-A2) of 395 msec, conducts with an HI-H2 interval of 420 msec, resulting in the
development of right bundle branch block and H2-V2 prolongation to 60 msec. B: At a shorter cycle length of 500 msec, a premature atrial impulse
with an identical H1-H2 of 420 msec is conducted without aberration or H2-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.%,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 gpacific
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.%6,26 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 S1' interval (Fig. 2-35, Method lll), the refractory period of ventricular muscle will be
similar to that of the basic drive cycle length (S1-S1), 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.8”,88 89 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.
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FIGURE 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 Il is that in method | the S2 (V2) is preceded by a series of constant ventricular cycle lengths and that
in method Il the cycle length just before S2 (V2) is abruptly altered (S1S1' or V1V1') as compared with the preceding cycle lengths (S1 S1 or V1
V1). In all methods the reference cycle lengths (CLR) are the ventricular cycle length to which S2 (V2) is coupled, whereas the cycle lengths
preceding the CLR are designated as CLP. Note that CLR is identical for all methods, whereas CLP is equal to CLR during method |, where cycle
length is constant; CLP is greater than CLR during method lIA, where cycle length is abruptly decreased; CLP 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. Circulation 1963;68:1212.)
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FIGURE 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 (S1 S1 or V1 V1) of method | was identical to that used with methods I
and lIl. Note also that the extrasystolic beat coupling interval (S1 S2 or V1V2) was the same in both methods Il and lIl. So that method | could serve
as a control for method lll, the postextrasystolic pause (S2S1’ or V2V1') in method Ill 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,
et al. Postextrasystolic alterations in refractoriness of the His—Purkinje system and ventricular myocardium in man. Circulation 1984;69:1096.)
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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.8”,28 89 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 (S1-S2 = S2-S3).
Because a single premature stimulus (S2) can shorten ventricular refractoriness, as measured by S3, keeping S1-S2 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 following one
extrastimulus (S2) 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 S3 (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 APD 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
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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. 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.
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FIGURE 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, et al. 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.)

40 mg

Diastolic INT: 180 m 180 ms |

VERP:

Coupling INT: | 4o0me | 40oms | 260ms | |
A S1 S1 S1 s2 S3

40 ms B0 ms
Diastolic INT: 180 ms| 180 mg| I ]
VERP: 220 ms 220 ms 220ms| [180 ms; 195 ms|

Coupling INT: | 400 | 400 | zeoms | 260
PIRGINT: Gy donms gy woms gpomsgomly by
B

FIGURE 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 an S1-S2 coupling interval equal to 260 msec (diastolic interval of 40 msec). This results in shortening
the refractory period of S2 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 (S4) is introduced to determine ventricular effective refractory period (VERP) of S3. Refractoriness of
S3 now depends on previous diastolic interval (80 msec), as well as a refractory period of S2 (which is shorter than the refractory period of S1).
This results in a refractory period of S3 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 S2 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.)

TABLE 2-5 Normal Refractory Periods in Adults

Laboratory ERP Afrium ERP AVN FRP AVN ERP HPS ERP V
Deness3 150-360 250-365 350495 - -
Akhtar71 230-330 280430 320-680 340430 190-290
Schuilenburg and Durrer23 - 230-390 330-500 - -
Author 170-300 230425 330-525 330450 170-290

aOnly includes patients with normal A-H and H-V. Studies performed at twice threshold.
AVN, A-V node; ERP, effective refractory period; FRP, functional refractory period; HPS, His—Purkinje system.

Awide range of normal values has been reported for refractory periods (Table 2-5).23,71 83 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.2? Recent data, however, suggest that even this is not entirely true. Studies by Prystowsky et al.?",%2 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.?!,%2 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 1,000 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.

Dispersion of Refractoriness



Dispersion of ventricular refractory periods has been suggested as an indicator of an arrhythmogenic substrate based on animal
experiments.?3,94 95 96 As noted, differences in refractory periods depend on how they were determined, related to both stimulus strength and
drive cycle length.®” 98 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.?°,%¢ Use of monophasic action
potentials (MAPs) confirms that the refractory period of such tissue may exceed the duration of the action potential (i.e., postrepolarization
refractoriness). This demonstrates the limitation of using MAPs alone as a measure of refractoriness.

We recently evaluated whether or not dispersion of refractoriness is a measurable entity that has clinical relevance in humans.*® 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
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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,*® cycle lengths from 600 to 400 msec did not alter dispersion of refractoriness, as seen in experimental studies.%3 94,95 96 97
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.?8 evaluated bradycardia on dispersion of ventricular refractoriness using only three 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 three right ventricular sites (43 + 38 msec vs. 37 + 12 msec). Pacing at rates of 120 bpm 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*® probably relates to the fact that we could not compare very slow rates with faster rates and only studied rates of 100 and 150 bpm
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.%8 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.®® 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.,?° 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

MAPs may provide useful information about dispersion of refractoriness that is independent of stimulation.'°% 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 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.%8 89 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 (Fig. 2-31). Block eventually occurs in the A-V node or the atrium itself. With the Type |l
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 Il). With the Type lll



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.”®,2° Infranodal delay or block is more likely to
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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 |, Il, or lll) 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 | pattern could be changed to a Type Il or Il pattern.'"

These patterns of A-V conduction can best be expressed by plotting refractory curves relating the coupling intervals of the premature atrial impulse
(A1-A2) to the responses in the A-V node and the His—Purkinje system. The curves may be drawn in two ways: (a) by plotting A1-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 FRP of the AVCS, 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 (A1-A2 vs. A2-H2 and H2-V2) allows a
purer evaluation of the response to A2 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 | Response

Type | response (Fig. 2-38) is characterized by an initial decrease in the H1-H2 and V1-V2 intervals as the coupling interval of the premature atrial
impulse (A1-A2) decreases. During this limited decrease, A-V nodal conduction (A2-H2) and His—Purkinje conduction (H2-V2) are unchanged from
the basic drive so that the curve moves along the line of identity. The RRP of the A-V node is encountered at the A1-A2, at which H1-H2 and V1-V2
move off the line of identity. The H1-H2 and V1-V2 curves remain identical, localizing the delay to the A-V node, as shown in the right-hand panel
as an increase in the A2-H2 interval without any change in the H2-V2. The curve continues to descend at a decreasing slope as further A-V nodal
delay is encountered. At a critical Al-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 H1-H2 and V1-V2 attained define the FRP of the A-V node and entire AVCS. The increase in H1-H2 and V1-V2 continues until the
impulse is blocked within the A-V node or until atrial refractoriness is reached. A-V nodal conduction (A2-H2) usually is prolonged two to three
times control values before A-V nodal block. The analog records of a typical Type | response are shown in Figure 2-26.

Type Il Response

At longer A1-A2 intervals, the Type Il response (Fig. 2-39) is similar to the Type | response in that the H1-H2 and V1-V2 intervals fall along the line
of identity as A2-H2 and H2-V2
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remain stable. At closer coupling intervals, in addition to an increase in the A2-H2 interval, H2-V2 becomes prolonged as the RRP of the His—
Purkinje system is encountered. This prolongation results in divergence of the H1-H2 and V1-V2 curves. If the increment in H2-V2 approximates
the decrement in A1-A2, 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-A2 results in block in either the A-V node or the His—Purkinje system; or in some instances, the
ERP of the atrium is reached first. Thus, in the Type Il response, the His—Purkinje system determines the FRP of the entire AVCS, whereas the
ERP of the AVCS may be determined at any level. The total increase in A-V nodal conduction delay in the Type Il is less than twofold, and no
ascending limb appears on the H1-H2 curve.
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FIGURE 2-38 Type | pattern of response to atrial extrastimuli. See text for discussion. BCL, basic cycle length.
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FIGURE 2-39 Type Il pattern of response to atrial extrastimuli. See text for discussion.

Type lll Response

The Type lll 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 A1-A2 results in a gradual increase in A-V nodal conduction. Further shortening, however,
produces a sudden jump in the H2-V2 interval, resulting in a break in the V1-V2 curve, which subsequently descends until, at a critical Al-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 FRP of the His—Purkinje system occurs just before the marked jump in H2-V2. The FRP of the AVCS in the
Type lll pattern is determined by the His—Purkinje system, but the ERP can be determined at any level. As in the Type Il response, A-V nodal delay
is not great, and no ascending limb of the H1-H2 curve appears.

The Atrium as a Limiting Factor in A-V Conduction

The ERP 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 ERP 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) but differ somewhat from those of Wit et al.2? who found the ERP 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, | 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
P.52

technique provides a method of systematically evaluating patterns of V-A conduction.69,70,71 72 74 102 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 (P-R 150 to 200 msec) were 12.1 msec
longer than during simultaneous A and V pacing at cycle lengths <600 msec but not at cycle lengths >800 msec. Similar stimulation methods must
be used, therefore, when drug effects or other interventions are to be compared.
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FIGURE 2-40 Type Il pattern of response to atrial extrastimuli. See text for discussion.

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.”0,71,74 102 103 Retrograde
conduction to the His bundle is commonly seen even during A-V dissociation owing to nodoatrial block or during atrial fibrillation (Fig. 2-41).

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.

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 (H1), the FRP of the His—Purkinje system (theoretically,
the shortest H1-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 S1-H2 is the observation in animals and in occasional patients that over a wide range of ventricular-paced rates, S1-H1

remains constant (Figs. 2-25 and 2-28)"",74,102 o that S1-H2 approximates H1-H2 but exceeds it by a fixed amount, the S1-H1 interval. The
typical response shown in Figures 2-43 and 2-44 may be graphically displayed by plotting S1-S2 versus

P.53
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the resulting S2-H2, S2-A2, and H2-A2, which analyzes the specific pattern of conduction in response to S2, as well as by plotting S1-S2 versus
S1-H2 and Al-A2, which analyzes the FRP 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).
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FIGURE 2-41 Retrograde conduction to the His bundle during A-V dissociation. The right ventricle is being paced at a cycle length (CL; S1-S1) of
500 msec. A-V dissociation is present with block in the A-V node. A retrograde His bundle deflection (H1) is noted in the paced beats. As the
ventricular extrastimuli are delivered at progressively premature coupling intervals (S1-S2), progressive delay in retrograde His—Purkinje
conduction (S2-H2) is noted (A, B). S, stimulus artifact.

FIGURE 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.
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FIGURE 2-43 Block within the His—Purkinje system during ventricular stimulation. A-D: Progressively premature ventricular extrastimuli (S2) are
delivered during a paced cycle length (CL) of 700 msec. A retrograde His bundle potential is noted during the paced beats (S1-H1). B-C:
Progressive retrograde His—Purkinje conduction delay appears as S1-S2 shortens. D: At an S1-S2 of 300 msec, block within the His—Purkinje
system occurs.

At long coupling intervals, no delay occurs in retrograde conduction (S2-A2). Further shortening results in a decrease in A1-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 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 LBB. In the absence of a recorded retrograde His bundle deflection, the site of initial S2-A2
delay cannot be inferred to be in the A-V node. As S1-S2 is progressively shortened, a retrograde His deflection (H2) 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 2150 msec) 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.

The routes of retrograde His—Purkinje conduction just described have been studied in detail by Akhtar et al.”4,1%* 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 LBB system in the majority of instances (67%). In only 12.5% conduction proceeded over the RBB system, while in the remaining
patients, conduction initially proceeded over the RBB at long coupling intervals and then over the LBB 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 pre-existent antegrade bundle branch block, retrograde block in the same bundle branch is common.”#,'%* 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 RBB 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 RBB block. In fact, when pacing is instituted from the ipsilateral ventricle, the V-H interval is usually so long that
retrograde Hs, if seen, are usually observed after the local ventricular electrogram.

Once a retrograde His bundle deflection is seen, progressive prolongation of His—Purkinje conduction (S2-H2) occurs as the S1-S2 interval
decreases. The degree of S2-H2
P.55
P.56
prolongation varies, but it can exceed 300 msec. In most cases, the increase in S2-H2 remains relatively constant for each 10-msec decrement in
S1-S2, giving rise to a fixed slope of S2-H2/S1-S2. The S1-H2 and A1-A2 remain fixed when this occurs (Fig. 2-45). His—Purkinje refractoriness



depends markedly on the cycle length; consistent shortening of S2-H2 at any given S1-S2 is noted at decreasing basic drive cycle lengths (S1-

S1).192 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 S1-H2 curve becomes almost horizontal (Fig. 2-45) because the increments in S2-H2 are similar to the decrements in S1-
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)
(Figs. 2-32 and 2-45). Occasionally, the increases in S2-H2 greatly exceed the decreases in S1-S2, giving rise to an ascending limb on the S1-H2

curve. During the ascending limb, retrograde A-V nodal conduction improves (shorter H2-A2) because A-V nodal input is less premature (shorter
S1-H2).
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FIGURE 2-44 Use of retrograde His to demonstrate site of delay during retrograde stimulation. All panels are arranged as leads 1, aVF, V1, His
bundle electrogram (HBE), and right ventricular apex (RVA). A-D: Progressively premature ventricular extrastimuli (S1 S2) 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 S1
S2. See text for discussion.
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FIGURE 2-45 Normal pattern of retrograde conduction in response to ventricular extrastimuli. See text for discussion.
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FIGURE 2-46 Site of His—Purkinje conduction delay during premature stimulation. A—C: Organized from top to bottom as follows: surface leads |,
avF (F), and V1, 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 (S1S1) at a basic cycle length of 600 msec. Note that a retrograde His
deflection (H1) can be seen during the basic drive beats and that retrograde His—Purkinje conduction during these beats (S1H1 = 60 msec)
exceeds local ventricular and transseptal conduction time (LV1-RV1 = 15 msec). A—C: Progressively premature ventricular extrastimuli (S2) are
introduced. A: At a coupling interval (S1 S2) of 425 msec, no retrograde His—Purkinje delay (S2 H2) is seen. B, C: At closer coupling intervals, S2
H2 prolongs without concomitant local ventricular conduction delay. (From Josephson ME, Kastor JA. His—Purkinje conduction during retrograde
stress. J Clin Invest 1978;61:171.)

Thus, once a retrograde His bundle deflection is observed, the V-A conduction time (S2-A2) is determined by His—Purkinje conduction delay (S2-
H2), as demonstrated by parallel S2-A2 and S2-H2 curves (Fig. 2-45). As S1-S2 is decreased further, either block within the His—Purkinje system
appears (Fig. 2-48) or ventricular refractoriness is reached (Fig. 2-32E).

pP.57
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FIGURE 2-47 Retrograde conduction during ventricular pacing and early coupled ventricular extrastimuli. Leads |, Il, V1 are shown with
electrograms from the right atrium (RA), proximal (HIS2) and distal (HIS1) His bundle, distal, mid, and proximal right bundle (RB1, RB2, RB3
respectively), and right ventricle (RV). Schema is below. During RV pacing (S1) RB1 is activated early with retrograde spread to the HIS. Following



a ventricular extrastimulus (S2) activation is reversed, going from His to RB. See text for discussion.
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FIGURE 2-48 Retrograde conduction in the presence of ipsilateral bundle branch block. This figure is organized the same as Figure 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).
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FIGURE 2-49 Cycle length responsiveness of retrograde. His—Purkinje conduction delay. Retrograde His—Purkinje conduction (S2-H2) in
response to variably coupled ventricular extrastimuli (S1 S2) is compared at two basic cycle lengths (BCL): 700 ms (¢) and 500 ms (4). At every S1
S2, the resultant S2 H2 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 S2-H2 are similar at both cycle lengths in parallel curves. Inasmuch as the slopes of retrograde His—Purkinje delay are parallel at
different cycle lengths, (top) the curves of resultant minimal outputs (S1-H2) 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.)

Cycle length, as expected, has a marked effect on the response to ventricular extrastimuli. Shortening the cycle length decreases both the
functional and ERP 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 S1-S2 is decreased (Fig. 2-49). The curves for S2-H2 versus S1-S2 are shifted to the left, and the
curves relating S1-S2 versus S1-H2 are shifted down.

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 LBBs or RRBs, 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. 99,196 107 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 RBB 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 (S2-H2) is attained, the impulse can return down the initially blocked RBB to excite the
ventricles producing a QRS complex of similar morphology to the stimulated complex at the right ventricular apex (Figs. 2-50 and 2-

51).70,96 105 106 107 108 109 110 gpecifically, it will ook like a typical LBB block with left-axis deviation because ventricular activation originates from
conduction over the RBB. This is true even if stimulation is carried out from the right ventricular outflow tract. Similar responses can follow double
or triple

P.59
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 (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.

AVN
HIS
RBB LBB
V3
*
V2
BBR

FIGURE 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 V2 (asterisk), 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 V3.
See text for discussion.
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FIGURE 2-51 Demonstration of bundle branch reentry. A-C: Organized as 1, aVF, V1, 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:

I. 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, pre-excitation of the
His bundle to produce block below the His bundle also prevents the repetitive response (Fig. 2-53).

P.60
. Although the H-V interval preceding the extra beat usually approximates the H-V interval of sinus beats, a reciprocal relationship exists between
the V2-H2 and H2-V3 intervals. Thus, at the onset of reentry, shorter V2-H2 intervals are associated with longer H2-V3 intervals. Progressive
shortening of the coupling intervals results in longer V2-H2 intervals, which are then followed by shorter H2-V3 intervals. The H2-V3 interval
reflects recovery of the RBB-Purkinje-muscle junction following initial block in that area.

v

3. This macroreentrant phenomenon during right ventricular stimulation is uncommon in patients with a pre-existing complete RBB block on the
surface ECG."%

t. During bundle branch reentrant complexes produced by right ventricular stimulation with a LBB block configuration, the retrograde His bundle
deflection (H2) precedes that of antegrade right bundle potential (RB2), which further supports activation of the His system via the left bundle
(Fig. 2-54). In rare instances, the repetitive response will show an RBB block configuration and the retrograde RBB potential will precede the His
bundle deflection, suggesting bundle branch reentry initially proceeds retrogradely over the right bundle and anterogradely down the left bundle
(Fig. 2-55). Bundle branch reentry with an RBB 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).
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FIGURE 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 coronary sinus (CS), His bundle (HBE), right ventricle (RV), and left ventricle (LV). A: A right ventricular premature
stimulus (S2) is delivered at a coupling interval of 300 msec during ventricular pacing (S1-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.)

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 LBB system. Rarely, conduction will proceed retrogradely to the His
bundle, and block will then occur in the RBB (Fig. 2-57). Sustained bundle branch reentry is rarely observed in patients with a normal QRS;
however, it is not an uncommon phenomenon in patients with pre-existing conduction defects, producing a form of ventricular tachycardia (see
P.61

Chapter 11)."%% 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."® from our laboratory showed that only 2 of 35 patients with RBB block and 1 of 17 patients with LBB
block demonstrated bundle branch reentry during ventricular stimulation. A variant of bundle branch reentry is intrafascicular reentry. This
universally occurs in patients with pre-existent complete RBB 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).
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FIGURE 2-53 Abolition of bundle branch reentry by pre-excitation of the His bundle. The panels are organized from top to bottom as ECG leads 2
and V1, 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 pre-excite 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.)

In normal patients, the second most common repetitive response to single ventricular extrastimuli is a ventricular
P.62
P.63

echo that is due to reentry within the A-V node.”?,72,74,108 109 110 This phenomenon, which occurs in approximately 15% of patients, is identical to
that occurring during ventricular pacing (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 H2-A2 interval (Fig. 2-60). At a
critical H2-A2 or, in some instances when the His deflection cannot be seen, V2-A2 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
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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 H2-A2
interval and the A2-H3 interval (compare Fig. 2-60A and C). 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 Chapter 8).



FIGURE 2-54 Initiation of bundle branch reentry. The figure is organized as Figure 2-47. During ventricular pacing (S1) retrograde conduction
goes over the RBB (note spike of RBB in RB1 preceding RB2, RB3, and HIS). With a ventricular extrastimulus (S2), 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).
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FIGURE 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 S2. 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 H2 precedes RB2. (From Akhtar M, Denker S, Lehmann MH, et al.
Macro-reentry within the His—Purkinje system. PACE 1983;6:1010.)
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FIGURE 2-56 Presence of bundle branch reentry during atrial fibrillation. A, B: Premature ventricular extrastimuli delivered during atrial fibrillation
result in critical S2-H2 prolongation and bundle branch reentry. The production of this type of echo does not depend on A-V nodal participation.
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FIGURE 2-57 Termination of bundle branch reentry by antegrade block in the RBB. ECG leads 1, 2, 3, and V1 are shown with electrograms from
the high-right atrium (HRA), proximal and distal His bundle (HIS p, HIS d), 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).
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FIGURE 2-58 Schema of intrafascicular reentry. Activation during sinus rhythm is shown in (A). Intrafascicular reentry is shown in (B). 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.

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 RBB block than
LBB 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
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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. 06,111 112 113 114 The repetitive intraventricular reentrant responses that one observes are usually nonsustained (1 to 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
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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 (see Chapter 11).
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FIGURE 2-60 Repetitive responses that are due to A-V nodal reentry. A-C: Leads 1, aVF, V1, 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 (S2) 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 H2-A2, H1-A1) and an A-V nodal echo (H3-V3). B: As S1-S2 is shortened to 460 msec, the retrograde His becomes lost in V2. H2-A2
must have been similar to that in panel (A), because A2-A3 in (A) and (B) are comparable. C: When S1-S2 is shortened to 360 msec, however,
marked delay occurs in V2-H2. This results in more time for A-V nodal recovery so that H2-A2 decreases. As H2-A2 decreases, the incidence of
fast pathway shortens, and the A2-H3 increases. The reciprocal relationship between H2-A2 and A2-H3 can therefore be seen because of the
ability to note a retrograde His deflection.
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FIGURE 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 (S1S1) of 660 msec and a ventricular extrastimulus coupling interval (S1S2) 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 Chapter 8 for further discussion).

Multiple mechanisms may be responsible for repetitive responses in the same individual. Aimost 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 Chapter 8).

Safety of Ventricular Stimulation

In more than 10,000 patients undergoing ventricular stimulation, | 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 protocaol. 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.'"","2 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 Chapter 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 Chapter 13). We have observed an increased incidence of nonclinical arrhythmias using this protocol with up
to three extrastimuli. Thus, it
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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.?®,7%,71 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 (H1-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.
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Chapter 3
Sinus Node Function

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.” 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 26% of the students had significant sinus bradycardia (a rate less than 40

bpm) during the day.? 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 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.? 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
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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.*

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.,® Sinus pauses greater than or

equal to 2 seconds were found in 84 (2.6%) of 3,259 consecutive 24-hour Holter monitor studies.* 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

6,470 Holters, 0.3% had sinus pauses greater than or equal to 3 seconds.® Only one patient was symptomatic
during a pause. All patients did well without a pacemaker. Other studies have demonstrated pauses >2 seconds

in 11% normals and in one-third of trained athletes.?,’” 2 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.®

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 17 Most patients with symptomatic sinus node dysfunction exhibit a blunted response to

atropine.’,"3,17 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.’?,'1,12,17 19 An

impaired response to isoproterenol correlates well with a blunted heart rate response to exercise observed in

some patients with sinus node dysfunction.? 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 are 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.?%,2" 22 A similar
(17.4%) increase in sinus cycle length has been noted in a study of 10 patients with symptomatic sinus node

disease.'” 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 25 Tonken et al.? have suggested that lower doses
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(0.03 mg/kg of atropine and 0.15 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 x 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.?’
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FIGURE 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. The IHR correlates well with the rate of the denervated sinus node of transplanted hearts.?®
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 =3 second pauses in 40% of asymptomatic patients =70-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 workloads (3 to 5
METSs) is more appropriate since symptomatic individuals have their symptoms at such activity. Even so, | 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.'”,2° 30 31 32 33 34 This method of evaluation involves the introduction
of progressively premature APDs (A2) after every eighth to tenth beat of a stable sinus rhythm (A1-A1) and
measurement of the first (A2-A3) 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 (A1-A2) versus the return cycle (A2-A3) (Fig. 3-3). Many investigators
prefer to normalize those values by dividing them by the spontaneous sinus cycle length (A1-A1) and deriving a
percentage.

Zone | is the range of A1-A2 intervals at which the return cycle (A2-A3) is fully compensatory, that is, A1-A2 + A2-
A3
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(A1-A3) = 2 (A1-A1) (Fig. 3-4A). Zone | usually occurs in response to APDs falling in the last 20% to 30% of the
spontaneous cycle length. Zone | 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 (A2). Because the sinus pacemaker is therefore unaffected by A2, the subsequent sinus beat occurs “on
time.”
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FIGURE 3-2 Response of the sinus node to atrial premature depolarizations (APDs). Four zones of response
are seen. A1-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 (A3) occurring on time. In zone Il, a more
premature A2 results in resetting of the sinus node so that A3 occurs early although A2-A3 is greater than A1-A1
owing to conduction time between the atrium and sinus node. In zone lll, A2 results in a return cycle (A3) that is
early. Since A2-A3 is less than A1-A1, that is, A2 is interpolated. In zone IV, A2 results in an even earlier return
cycle, so that A1-A2 + A2-A3 < A1-A1 is consistent with sinus node reentry. See text for discussion.
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FIGURE 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 (A1-A2) are plotted on the
abscissa, and the first return cycles (A2-A3, open circles) and the second return cycles (A3-A4, open triangles)
are plotted on the ordinate. The upper and lower diagonal lines represent the lines of full compensatory pause
(A1-A3 = 2[A1-A1]) and complete interpolation (A1-A3 = A1-A1), respectively. The horizontal dashed line is the
SCL. In zone |, the responses fall along the line of compensatory pauses. In zone Il they move off the line of
compensatory pauses and produce a plateau in the curve. The difference between the A2-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 Il 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 ll is the range of A1-A2 intervals at which reset of the sinus pacemaker occurs, resulting in an A2-A3 that
exceeds the basic sinus cycle. However, the sum of A1-A2 and A2-A3 (A1-A3) is less than 2 (A1-A1); that is, it is
less than compensatory (Fig. 3-4B). Zone Il is a zone of long duration, typically occupying 40% to 50% of the
cardiac cycle. In most patients, the pause (A2-A3) remains constant throughout zone I, producing a plateau in
the curve. The plateau results because A2 penetrates the sinus node and resets the pacemaker without
changing pacemaker automaticity. Because the duration of the return cycle (A2-A3) depends on conduction time
into and out of the sinus node and sinus automaticity, the difference between A2-A3 and A1-A1 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-A3-A1-A/-2
(Fig. 3-5).2° Data suggest,
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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.°,3% 37 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
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the atrium earlier because of its proximity to that tissue; hence, conduction out of the node appears more

rapid.36,38 39 40 41 Degpite 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 Il. We usually take the measurement in the first
third of zone Il responses. In our laboratory, where patients range from 12 to 98 years of age, the normal SACT
ranges from 45 to 125 msec.
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FIGURE 3-4 Analog records of zones | and II. From top to bottom: ECG leads | 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 Il. 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.
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FIGURE 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; A3, sinus return cycle. See text for further discussion.
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FIGURE 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 1,200
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 1,200
msec.

The SACT appears to be independent of spontaneous cycle length,®*,% although one report has shown an

inverse relationship.*® 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. The difference between the postpacing pause and the sinus cycle

length would equal the SACT. The Strauss'’ and Narula methods** are schematically compared in Figure 3-6.
Preliminary data from Breithardt and Seipel*® comparing the two methods demonstrate that they are not always
equivalent. Other studies show a reasonable correlation.*® *” #8 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. If pacing is performed within 50 msec of the sinus cycle length, sinus

acceleration occurs.*® 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.>° 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.1 8,42,51 ,52,53’54

In an occasional patient in response to progressively premature APDs, A2-A3 either continuously increases or
increases after a brief plateau phase (in either instance, the pause remains less than compensatory). The
progressive increase in A2-A3 during this zone may be due to any
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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 Il 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 (A3-A4) may provide insight into changes in automaticity or pacemaker shift.*",%> An A3-A4
greater than A1-A1 suggests depression of automaticity; in this instance, SACT calculated from A2-A3 yields an
overestimation of the true SACT. Correction or exclusion of SACT using A2-A3 in the presence of an A3-A4
greater than A1-A1 is necessary. In this case, using A3-Ad as the basic sinus cycle length to which A2-A3 is
compared will help correct a falsely prolonged SACT if A2-A3 were related to the prior sinus cycle length (A1-A1).

Zones llland IV are ranges of A1-A2 at which the A2-A3 shortens to less than A1-A1. Two types of early
responses are found in these zones. The responses in zone lll are termed complete and incomplete interpolation,
and they include those in which A2-A3 is less than A1-A1 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, A3 represents delay
of A1 exiting the sinus node, which has not been affected. The A1-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, A1-A2 + A2-A3 =
A1-A1, and sinus node entrance block is said to exist. In our laboratory, zone Il responses can be seen in 15% of

patients using the Strauss method. This has ranged from 13% to 46%.3°,°0,56 In two studies using atrial pacing



and premature stimuli to evaluate SACT and “sinus node refractoriness,” zone Il responses were observed in

65% and 85%.%°,%” 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 llI

responses. Kerr and Strauss.®’ 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 A1-A2 + A2-A3 is less than A1-A1 (Fig. 3-8) and the atrial activation sequence and P-wave

morphology are identical to sinus. Dhingra et al.>° found sinus node reentry in 11% of patients. In our laboratory,
the incidence of this finding is similar (10%).

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 fallibility of the assumptions of indirect measurements as well as the variability of pacing
site relative to the site of sinus impulse formation.
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FIGURE 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 (CSp, CSd), and right ventricular apex
(RVA) are shown. Time lines, T. A: The sinus cycle length approximates 695 msec. A premature stimulus
(arrows) 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.

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.,® 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.®® Subsequently, several investigators developed techniques to record electrograms from

human subjects with and without sinus node dysfunction.*6,%0 61 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
0.1 Hz (0.01 to 0.05 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 0.1 and 0.6 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 yV/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
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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 0.6 Hz.

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

Investigators Method SACTa + r SACTa
Luderitz et al.126 PAS 2200a
Scheinman et al.127 PAS >206a
Alboni et al.124 PAS >214a
Jordan et al.27 PAS 2226a
Breithardt et al.126 PAS 2240a

Engel et al.127 PAS 2260a



Dhingra et al.128 PAS >304a

Crook et al.66 PAS 2344a
Yabek and Jarmakani128 — 22106
Kugler et al.129 — =2006
Reiffel et al.132 SN electrogram 21202
Juillard et al.86 SN electrogram 2137a
Bethge et al.130 SN electrogram =2107a
Gomes et al.135 SN electrogram =2112a

aBased on the mean +2 SD.

bMeasurement in children.

SACT, Sinoatrial conduction time; SACTa + r total SACT, A2-A3 minus A1-A1; SACTa, SACT in
antegrade direction; PAS, premature atrial stimulation technique; SN electrogram, direct electrogram
recording technique.
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FIGURE 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 (A2) is introduced at a coupling interval of 335 msec. There is an early
return beat (A3), with an atrial activation sequence and P-wave morphology identical to that of sinus rhythm.
Since the A1-A3 (650 msec) is less than the spontaneous sinus cycle length (790 msec), A3 is probably due to
reentry in the region of the sinus node.



FIGURE 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 of 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.

FIGURE 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.)

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 (see 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,*®,67 52 (b) loss of the upstroke potential during overdrive atrial pacing,*®,%® and (c) the persistence of

sinus node electrograms (with or without prior prolongation) following CSP, following induced pauses, or during

pauses following overdrive suppression.“®,64 6> 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.®?

The major values of this technique have been: (a) to improve our understanding of physiologic phenomena
related
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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).*6 64
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FIGURE 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.)

Several studies have been undertaken to compare the SACT measured by indirect methods (both the Strauss."’
and Narula method**) 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.*6,%" 62 65 |n addition, the
patterns and degree of inaccuracy associated with indirectly measured SACT have been reported by Reiffel et

al.>> Alengthened postreturn 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 A3-A4
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 lll 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.*® 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

|46

SACT was 60 to 112 msec in the study by Gomes et al.”® and 46 to 116 msec in the initial study by Reiffel et

al.%" 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.
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FIGURE 3-12 The response to carotid sinus massage. ECG leads |, 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 aVFF 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 electrogramin man. PACE 1983;6:1143.)

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,'#,2°,27 82 because
it has been prolonged in only 40% of our patients with clinical findings of sinus node dysfunction. Like SRT,

SACT is least likely to be abnormal in patients with isolated sinus bradycardia.'”,3* 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.3* In a comparison of SACT and SRT in patients with sinus

pauses, Strauss et al.>? 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.

TABLE 3-2 Diagnostic Evaluation of Sinus Node Function

Electrocardiographic monitoring
Exercise testing
Autonomic testing

Clinical electrophysiologic testing

Response to rapid atrial pacing

Maximum sinus node recovery time (SNRTmax) and maximum corrected sinus node recovery time
(CSNRTmax)

Secondary pauses
Total recovery time

Estimated sinoatrial conduction time (SACT)
Atrial extrastimulus technique

Constant atrial pacing technique

Direct sinus node electrogram recording
Duration of sinus node depolarization (SNDd)



Estimated sinus node refractory period (SNERP)

Observed intrinsic heart rate (IHR)

A prolonged zone | 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 A1-A3, resulting in either abbreviation or abolition of the plateau portion of the curve.6,6” 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.*2,%1 52 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.'® 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.®® The
mechanism of overdrive suppression of the sinus node remains unclear; factors
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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.??,7% 71 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 pacing 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 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
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 1 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.



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

Investigators SNRTmax? CSNRTmax?
Mandel et al.136 <1,207 —
Breithardt et al.126 <1,475 —
Benditt et al.77 <1.61 (SCL) for SCL < 800 msec  —
Narula et al.138 <1.83 (SCL) for SCL > 800 msec = <525
Kulbertus et al.74 — <533
Gupta et al.85 <1,500 <472
Alboni et al.124 — <354
Engel et al.127 — <533
El Said et al.131 <1,250 <2500
Yabek and Jarmakani1i2s ~ — <273b
Kugler et al.129 — <275b

aWhere possible, values are mean +2 SD.

bMeasurements in children.

SCL, Baseline sinus cycle length.

Several intervals have been used as a measure of the recovery time. They include (a) maximum SRT (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 x
100% less than 150%, and TRT less than 5 seconds (usually by the fourth to sixth recovery beat).



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.,'® use of a CSRT is simpler and takes into account the basic sinus

cycle length. Using Mandel's'? 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
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escape cycle length against the control spontaneous cycle length (Fig. 3-13).7 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 1,120 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.
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FIGURE 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.)

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
1,200 msec, and the maximum SRT is 1,600 msec, some laboratories would consider it an abnormal response
(see 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.
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FIGURE 3-14 Normal sinus node response (NSR) to rapid atrial pacing. See text for details. BCL, basic 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 et al.”” (Fig. 3-15). A greater frequency of oscillation occurs at higher-paced rates. 0,42 54 74 76 77

Heddle, et al.”® 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.

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
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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).46,62 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 CSP suggests sinus exit block as the

mechanism of these pauses (see Vagal Hypersensitivity Syndromes, following).*6,62 64
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FIGURE 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 postreturn 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.)
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FIGURE 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 V1. 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.’®,”2 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).'° 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.”® 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.

Gang et al.”® and Engel et al.2 have demonstrated a good relationship between the pause following such rapid
pacing
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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. 0,12 34 7475
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FIGURE 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.

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.'?,42 67 73 Furthermore, the marked

oscillations that are frequently noted following rapid-paced rates are abolished by atropine.®,”# 7> 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 .27 152

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.!,13,17 33 34 73 75 81 82 83 84 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.®*,”3 85
In fact, Breithardt demonstrated no significant differences of CSRT between patients with asymptomatic sinus

bradycardia and normal patients.®* 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.?’ 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.®® Thus, differences in basal autonomic tone may explain some discrepancies

in SRT. In 1983 Alboni et al.?? 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 (Figs. 3-18 and 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.?* 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
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prolonged sinus node refractory and/or prolonged zone | 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.3* 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.
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FIGURE 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.
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FIGURE 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 in A are slightly more than four sinus
cycles, and the pauses in B 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 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.’’ Furthermore,
P.86
the duration of secondary pauses frequently approximates a multiple of the spontaneous sinus cycle length.



Finally, a 1983 study by Asseman et al.>* 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.*® 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.’”,”2,74 A significant paradoxical prolongation of recovery

time may occasionally be noted after atropine.”® 81,2587 88 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.”3,”° 8°
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.”® 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 | 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.8°,85 87 88 89 90 91 Fyrthermore, ouabain in similar doses
and digoxin have been demonstrated to shorten the SRT and/or CSRT in some patients with clinical sinus node

dysfunction.®9,21 92 93 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.®?,%2,° 9> However, a variable effect on SACT was demonstrated in patients

with sinus node dysfunction manifested by sinus bradycardia.??,°® 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.?’

Propranolol

The effects of propranolol on SRT and sinoatrial conduction have been evaluated in two studies.??,%® Strauss et

al.?” studied 10 patients with symptomatic sinus node disease, two of whom had prolonged SRT; propranolol
increased the recovery time greater than 160% over control in four patients. These four patients included two
who previously had normal recovery times. The change in recovery time was most marked in patients who had
clinical evidence of sinoatrial exit block. In seven out of ten patients, SACT could be calculated; it was abnormal
in four patients and normal in three patients. Propranolol increased the SACT in six of seven 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.?2 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.??,%8

Calcium Blockers

The effects of verapamil and diltiazem have been studied.®?,'°? 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
P.87

affect sinus node function in patients with evidence of sinus node dysfunction.0? 102 103 104 Seyere 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.0,106 107 108 109 110 Although the heart rate may begin to decrease first, the peak drop

in blood pressure occurs prior to the peak drop in heart rate.'%6,198 111 112 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.'3,1'* 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
seconds following ATP are most likely to benefit from a pacemaker. While atropine may relieve the bradycardia



component,’" 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.’'" 112 115 116 Ajthough these findings support a
counter-compensatory mechanoreceptor reflex (Bezold—Jarisch reflex) as the mechanism of the vasovagal
episode in hypovolemic triggered events, | 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, that is, 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. 11,112 113 114 115 116 117 118 119 120 121 g\;ch 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.’12,118 119 120 121 The yse of

isoproterenol in small boluses or short infusions increases the sensitivity of the tilt test,""" 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.'?° 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. Moreover, 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. This is not surprising since there are
many triggers; for example, pain, abdominal distension, deglutination, micturition, which are totally different from
the triggers induced by a tilt test. The tilt test may be useful to characterize the autonomic response to assuming
the upright position and can be useful in diagnosing diabetic neuropathy and a variety of dysautonomic
syndromes.

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."??,123 124 \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).46,61 62 63 64 125 glowing of sinus automaticity may
also be present. Pacing, anticholinergic drugs, and
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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.



FIGURE 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,’'3,14 although nocturnal episodes may be related to sleep apnea disorders.
Therapeutic Implications

The ECG patterns of sinus node dysfunction do not always correlate with the symptoms. A variety of
interventions may be necessary to evaluate more carefully the presence and degree of abnormalities of sinus
node automaticity and/or sinoatrial conduction. The use of invasive electrophysiologic studies has been
decreasing as clinicians have recognized their limitations and the importance of the clinical history. Nevertheless,
these studies have provided important information about normal and abnormal sinus node function. When the
response to drugs and electrical stimulation is taken into consideration, overall function of the sinus node and
perinodal tissue seems to be most severely disturbed in patients with spontaneous sinoatrial exit block or the
bradycardia—tachycardia syndrome. Most of these patients, however, are symptomatic, and on clinical and ECG
evidence alone, they can be correctly classified as having sinus node dysfunction. In such cases,
electrophysiologic testing is not necessary to make a diagnosis of sinus node dysfunction. More difficult
problems are presented by the patients who have isolated sinus bradycardia but symptoms compatible with sinus
node dysfunction. Many of these people have neurocardiac symptoms and have normal electrophysiologic sinus
node function studies. A good history could avoid EP studies in many of these patients. It may be important to
test sinus node function in those patients with truly unclear causes of symptoms to avoid the unnecessary
implantation of a cardiac pacemaker. Perhaps the most useful measures of their overall sinus node function are
a combination of the responses to atropine and exercise and SNRT, particularly the CSRT. A marked
prolongation of the CSRT and an absent or blunted response to atropine and exercise suggest impaired sinus



node function. As noted previously, evaluation of CSRT following pharmacologic denervation may increase the

sensitivity of the test.2” If abnormal results are correlated with symptoms, pacemaker implantation may be
considered. The same is true of patients in whom CSP produces pauses of greater than 3 seconds, because the
specificity of this response is unknown, particularly in elderly patients. More than 50% of patients over 65 have
pauses >3 seconds, which have no clinical significance. The significance of an isolated prolongation of sinus
node conduction time is unclear in the absence of
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clinically evident and symptomatic sinoatrial exit block. Thus, the presence of symptoms must be correlated with
electrophysiologic findings for the results of these studies to be translated into clinically meaningful decisions.

When considering implantation of a permanent pacemaker, we recommend evaluating A-V nodal and infranodal
conduction (Chapter 4) because a significant number of patients with sinus node dysfunction have abnormalities

of AV conduction. 334,126 |mpaired A-V conduction may preclude the use of an atrial pacemaker when it might
be advantageous hemodynamically. Currently, multiprogrammable dual-chambered pacemakers with rate
responsive (physiologic) are recommended for patients with sinus node dysfunction. Patients with atrial
tachyarrhythmias, particularly atrial fibrillation, may require VIR or DDDR pacemakers with mode-switching
capabilities. Patients with good ventriculoatrial conduction might develop a pacemaker tachycardia syndrome if
only ventricular pacing is used.

Knowledge of the effects of potentially therapeutic drugs on sinus node function is of major clinical importance.
Propranolol and calcium blockers, which may be desirable to treat angina in a patient who has sinus node
dysfunction, may be shown to cause severe symptomatic bradyarrhythmias that require a pacemaker. Also, the
safety of drugs such as digitalis and antiarrhythmic agents should be assessed in each patient before use. If
these drugs are needed in the treatment of heart failure, arrhythmias, or angina but are shown in the laboratory
to produce significant bradyarrhythmias, a pacemaker may be necessary if no other therapy is available.
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FIGURE 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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Chapter 4
Atrioventricular Conduction

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. The 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, because it more accurately defines the
underlying physiology. For example, in the presence of first-degree block, impulse transmission (output/input) is
1:1 (hence the inappropriateness of the term 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 | and Il. Type | 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 |l
second-degree block, to which the eponym Mobitz Type Il 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 et al.” have described a canine model in which ligation of the anterior septal artery produced an
apparent Type Il second-degree block in the His bundle. 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 Il block and obvious Type | block in the His—Purkinje

system has been demonstrated in these canine animals by Simson et al.? in our laboratory 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 | block and Type Il block as clinically descriptive terms. In the presence of 2:1 or higher-grade intermittent
conduction, classification into Type | or Il 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 (=2 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.

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

P.94
information that may provide some guidelines for the use of intracardiac studies in defining A-V block.

TABLE 4-1 Atrioventricular Block

Degree Conduction

First degree Prolonged conduction

Second degree  Intermittent conduction
Type | progressive prolongation
Type Il sudden failure

Two-to-one Two-to-one

High degree Two consecutive from conducted
P-waves with intermittent conduction

Third degree No conduction

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,® 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 2120 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.* 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.* 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).



TABLE 4-2 Sites of Atrioventricular Block

First Degree Second Degree Third Degree
Type | Type Il
Atrium C N N N
AWN C C N C
Intra-His C u C C
Infra-His C U C C

AVN, atrioventricular node; C, common; N, virtually never; U, uncommon.

The assessment of intra-atrial conduction demands the reproducible and accurate timing of local

electrocardiograms from specific anatomic sites in the atria.® 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 (HRA) 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 (ASD) or a patent foramen ovale is present, or a
transseptal 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 electrogramis 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. The mean activation time in a group of 24 patients with normal P waves and the mean
values in a group of 15 patients with electrocardiographic left atrial enlargement are shown in Figure 4-2A, B,
respectively. Obviously detailed atrial activation mapping using the Carto electroanatomic system is most
accurate and is necessary for ablation of left atrial tachyarrhythmias. Normal activation is shown in Figure 4-3 in
which activation of the left atrium occurs over Bachmann bundle, with additional conduits through the interatrial
septum and coronary sinus (and potentially via interatrial bridges). In contrast, Figure 4-4 shows an atrial
activation using standard catheter positions 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 in standard catheter positions is
shown in Figure 4-5.

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® and Ebstein anomaly of the tricuspid valve.” In
approximately 20% of
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patients with prolonged A-V conduction and congenital heart disease, the mechanism is prolonged intra-right

atrial conduction.? In these situations, prolonged P-A and 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 anomaly studied by Kastor et al.,” three had prolonged P-A and
intra-right atrial conduction intervals and all had broad (=110 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 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.
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FIGURE 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.
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FIGURE 4-2 Atrial activation times in 24 patients with normal P waves on the surface ECG (A) and from 15
patients with electrocardiographic ‘left atrial enlargement” (B). Activation times are plotted from various
standard sites in the atria, with mean activation time shown with a bar and number. AVJ, atrioventricular junction;

MRA, midright atrium.
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FIGURE 4-3 Right and left atrial activation defined by high-density electroanatomic mapping. See section
“Atrium.”



FIGURE 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 interatrial and/or intra-left atrial conduction delay.
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FIGURE 4-5 Biatrial conduction delay. A single P wave is shown. Note the delayed activation of all atrial
electrograms. T, time line.

Second-degree intra-atrial block is rare. It occasionally occurs spontaneously as Type | 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.” Additionally, Castellanos et

al.'® have reported on two patients in whom a progressive increment in the interval from the HRA to the low-right
atrium (recorded at the A-V junction) occurred until the beat was dropped. Such types of intra-atrial delays
appear to be substrates for intra-atrial reentry (Chapters 8, 9).

Type Il second-degree block and complete heart block do not occur as manifestations of atrial conduction
disease in humans during sinus rhythm. Interatrial 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.”” One may chemically
denervate the A-V nodal node (i.e., 0.04 mg/kg atropine and 0.02 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)." The magnitude of delay can vary greatly, but it can be enormous. In our laboratory, we have
observed A-H intervals as long as 950 msec. From another viewpoint, most patients (=95%) 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
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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 (Chapter 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.

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 | second-degree blocks. Type | 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 | second-degree block can be precipitated in almost all subjects by incremental atrial
pacing (Chapter 2) and in an analogous fashion may be seen during atrial tachycardia.

FIGURE 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 ng/mL). Note the progressively decreasing A-A intervals followed by a
pause and then resumption of the pattern. Hr are retrograde His bundle potentials associated with fascicular
depolarizations (Chapter 7), another manifestation of digitalis intoxication.

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.’® 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 occurs with the
second beat after the pause; and (c) very little incremental conduction delay after a large initial “jump” (dual A-V
nodal pathways present, see below and in Chapter 8, A-V nodal reentry), or only a relatively small overall
increment in A-H associated with 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 (Chapter 8). These should really not be
called Wenckebach cycles because there is no blocked paced impulse.
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FIGURE 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).
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FIGURE 4-8 Typical spontaneous Type | 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.




FIGURE 4-9 Spontaneous atypical Type | 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 mechanismis clarified by the associated
sinus slowing.
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FIGURE 4-10 “Typical” Type | 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 a His bundle deflection.

P.99

Atrioventricular conduction

1540 1550

1
2
3
Vi
Hea 8
K

H

EE—

FIGURE 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.
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Type Il second-degree A-V block occurring in the A-V node has been reported,’* 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 |, 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 Il A-V nodal block can be seen is
during heightened vagal tone during sleep. A clue to this phenomenon is associated sinus slowing (Fig. 4-9).
Another rare cause of apparent Type Il block with normal QRS complexes is concealed His bundle

extrasystoles.'® In my opinion, true Type Il 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, failure of conduction to improve following atropine or isoproterenol suggests block
is probably high in the His bundle. In general, Type | 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 | 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, P-R, of the conducted beats is almost always prolonged. Two-to-one block with P-R <160 msec
should suggest an intra- or infra-His site of block. 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.

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)," as are most cases of transient complete heart

block seen in acute inferior wall myocardial infarction.'” This is also the site of block in digitalis intoxication or
when block is produced by beta blockers and/or calcium blockers. Intracardiac
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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 AV node have wide complexes.'8,'? 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.

FIGURE 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 (Chapter 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 (Chapter 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. 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.’?,20,21 22 23 |n 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. This must be used in conjunction with manipulation of autonomic tone.

Given a conduction velocity of 1.3 to 1.7 m/sec in the normal human His bundle,?* 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 (Figs. 4-13 and 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.

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 (Chapter 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
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because the left bundle branch systemis 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. Ideally, each atrial depolarization is followed by a proximal His bundle deflection with intermittent
failure of conduction to the distal His bundle. Type | and Type Il second-degree blocks are commonly seen as is
2:1 block (Figs. 4-15 and 4-16). In contrast to A-V nodal block, 2:1 block is more common than either Type | or I
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.
Unfortunately failure to record split His deflections is more common than recording them. This probably accounts
for some cases of Type Il second-degree block that have been reported to occur in the A-V node. The presence
of a narrow QRS with failure of conduction to improve with isoproterenol or atropine and paradoxically improve
with carotid pressure suggests an intra-His lesion. 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.

PR 160 msec

FIGURE 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.
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FIGURE 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.

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?®
P.102
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?® 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.

FIGURE 4-15 Second-degree block (intermittent conduction) in the middle of the His bundle induced by atrial
pacing in the patient depicted in Figure 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.
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FIGURE 4-16 Two-to-one intra-His block. A: Two-to-one block with a narrow QRS and normal P-R during sinus
rhythm interval is shown. A split His (H-H') is seen in conducted complexes, and block between H and H' is noted
in every other complex. B: Pacing-induced intra-His block at a cycle length of 500 msec is shown. The split His
is best seen in the mid-His bipolar pair.

His p

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.'8,'® In our patients

over age 60, it accounts for nearly 40%. Syncope is a common presenting symptom'8 20 21 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
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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.

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.'® 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?® 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.
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FIGURE 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.
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FIGURE 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.

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 (Chapter 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 (i.e., presence of a normal QRS) complex, apparent infra-His delay or block should
suggest intra-His delay or 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
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frequent in patients with alternating bundle branch block, in which case it is the rule (see Chapter 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.
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FIGURE 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.
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FIGURE 4-20 Type | 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.

H-V prolongation in the more usual ranges (60 to 100 msec) can exist without any or minimal prolongation of the
P-R interval (Fig. 4-18) 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 | or Type Il characteristics can result from failure of infranodal conduction. In the
presence of Type | block, a gradual prolongation of the H-V interval occurs until an A-H group is not followed by
a ventricular depolarization (Figs. 4-20 and 4-21). This is much less common than Mobitz Il, or two-to-one block.
Although the H-V shows progressive prolongation, it is very rare for there to be a maximum increment of >100
msec, unlike the A-V node where this is common. In the presence of Type Il block, infra-His block occurs in the
absence of progressive H-V prolongation, and it is typically sudden and unexpected (Figs. 4-22 and 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 (Figs. 4-21 and 4-22). When it occurs spontaneously, it may be precipitated by a
change in H-H of a few milliseconds (Figs. 4-20 and 4-21). Pacing-induced block below the His is considered an
indication for a permanent pacemaker (see Chapter 5). Type Il second-degree A-V block is more common than

Type | when the site of block is below the His bundle.® Intermittent infra-His conduction is frequent in the
presence of alternating bundle branch block (Chapter 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.

Two-to-one infra-His block is common (Fig. 4-24). Aithough 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 4-3).

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. 4-25A).
A history of
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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 (Figs. 4-25 and
Table 4-4). The presence of one-to-one retrograde conduction during pacing (Fig. 4-25B) can produce a
pacemaker syndrome.
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FIGURE 4-21 Type | 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.

FIGURE 4-22 Spontaneous Type Il 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.

Paroxysmal A-V Block

The sudden appearance of A-V block following a pause in HPS activation is called paroxysmal A-V block.?’ This
disorder is rarely recognized and can be lethal because of unreliable escape rhythms. This pause may be



produced by an APC (Fig. 4-26), VPC, CSP or other vagal maneuvers, His extrasystole, or posttachycardia sinus
suppression. It may often be mistaken for a “benign” vagal episode, if the clinical situation suggests increased
vagal tone; e.g., Valsalva. Electrocardiographic features suggesting Paroxysmal A-V block are failure to see
significant P-R prolongation prior to block, sinus acceleration with failure to conduct, and sudden resumption of
conduction following a VPC or junctional escape with a normal P-R interval. This is always a disorder of the HPS
and is due to Phase 4 block in either the His bundle (baseline narrow QRS) or in the bundle branches (baseline
wide QRS). Resumption of conduction requires an appropriately timed escape beat, premature beat (sinus or
ectopic) relative to Phase 4 depolarization causing the block. Pacemakers are required in such cases.

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 Chapter 5.)

I. 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
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to propagation of a sinus beat (Fig. 4-27) (Chapter 7)."® 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,'? 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.
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FIGURE 4-23 Type Il 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.



FIGURE 4-24 Two-to-one A-V block relieved by carotid sinus pressure. Right bundle branch block with left
anterior hemiblock and a P-R interval of 0.16 sec is presentment with two-to-one A-V block at a sinus rate of
70 bpm s present on the left. Carotid sinus pressure (CSP) is applied producing slowing of the sinus and one-
to-one conduction, without a change in P-R or QRS. This is highly suggestive of block in the HPS.

TABLE 4-3 Site of 2:1 A-V Block

1. QRS width BBB—site of block anywhere
Normal QRS—block in A-V node or His bundle

2. P-R of conducted P wave >0.30 sec—block in A-V node
<0.16 sec—block in HPS or His bundle

3. Atropine or exercise Improve conduction—block in A-V node
Worsened conduction—block in HPS or His bundle

4. CSP Worsen conduction—block in A-V node
Improve conduction—block in HP or His bundle

5. Retrograde conduction Present—block in HPS or His bundle
Absent—block may be anywhere




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

Site of Block Retrograde Conduction (Percentage)
A-V node 0
His bundle 30
Infra-His 40

aPresence of retrograde conduction points to HPS as site of antegrade block.

bAbsence of retrograde conduction is not useful in localizing the site of antegrade block.
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FIGURE 4-25 Antegrade infra-His block with intact retrograde conduction. Top: Complete infra-His block with
a ventricular escape of = 1,450 msec is shown. Bottom: Ventricular pacing during complete antegrade A-V
block demonstrates 1:1 V-A conduction. A retrograde His is seen following the ventricular electrogram during
ventricular pacing because conduction proceeds up the left bundle branch. The patient had pre-existing RBBB
during intact A-V conduction.



FIGURE 4-26 Paroxysmal A-V block. Following three sinus beats two APCs are noted. The first, which is
rather late, conducts rapidly through the A-V node and HPS. The second, earlier APC, blocks below the His.
There is a sinus pause following the second APC resulting in a long H-H interval which then sets up Phase 4
block leading to complete A-V block. (Courtesy of Hein Wellens.)
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FIGURE 4-27 Pseudo-type Il 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 Il block,
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the site of those blocks cannot be reliably determined by the surface ECG. The observation of typical Type |
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 4-4) 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.

. 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 coexistent bundle

branch block. This is fairly common, occurring in 20% to 50% of such patients.'8,"°

. 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. 4-28)."8 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.

. Multiple levels of A-V block spontaneously or during pacing, may coexist in the same patient,?® and they can
produce a confusing ECG picture that is extraordinarily difficult to interpret without an intracardiac study (Figs.
4-29 and 4-30). Combined A-V nodal and infra-His block has been described as the mechanism in alternate-

beat Type | block.?®

. Atrial pacing or the introduction of premature stimuli may precipitate latent prolongation or failure of
conduction. The phenomenon may be physiologic (i.e., within
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the range of the normal responses described in Chapter 2) or pathologic (Figs. 4-19 and 4-21; see also
Chapter 5).

Rate of escape rhythm versus site of block

E=] Infra-His
3 Intra-His
23 AVN

10

(beats per minute)

FIGURE 4-28 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 s very
slow (<28 bpm) or relatively rapid (>50 bpm) can the rate be diagnostically useful information be deduced.
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FIGURE 4-29 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 | 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 Il second-
degree infra-His block occurs.

. 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.

. 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.
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FIGURE 4-30 Pacing-induced multilevel block. Atrial pacing process five-to-four A-V nodal Wenckebah (open
arrow) and two-to-one block below the His H.
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Suppression of A-V Conduction by Ventricular Stimulation
Several investigators have shown that rapid ventricular pacing can produce transient A-V conduction

abnormalities.?® 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.?® 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.?° | 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 pre-existent intraventricular and A-V
conduction disturbance. Typically, we have seen this in the presence of bundle branch block and Mobitz Il 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. 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. 4-31). Of note, all of our cases demonstrated concealed retrograde
conduction (see Chapter 6). A second mechanism of perpetuation of this A-V disturbance is Phase 4 block (see

Paroxysmal A-V Block above).2" This mechanism may be a more likely cause of paroxysmal A-V block following a
VPC or APC.

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 4-5).

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(tm) 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®?,3® and

others®*#,3% 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.®3,3° This is based on the fact that control of
ventricular tachycardia in absence
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of pacemaker relieves symptoms.32 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 Chapter 5), as well as second- or third-
degree intra-His or infra-His block, is so apt to result in severe paroxysmal symptoms that we recommend
pacemaker therapy for all these patients, regardless of the absence of symptoms.
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FIGURE 4-31 Effect of ventricular stimulation on antegrade conduction. Two-to-one and 3:2 Mobitz Il 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.

TABLE 4-5 Indications for Cardiac Pacing in Chronic Heart Block

Degree Intra-His or Infra-His A-V Node
First degree (prolonged conduction) Yes, with symptomsa? without Nob
symptomsa
Second degree (intermittent Yes Yes, with
conduction) symptomsa
Third degree (no conduction) Yes Yes, with
symptomsa

aSymptoms must be of cardiac origin.

bUnless P-R is so long that the P wave occurs during the QRS and produces symptomatic Canon A

waves or a “pacemaker syndrome.”
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FIGURE 4-32 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.

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. 4-32).36 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 WI(R) will give rise to a “pacemaker syndrome.” Such patients require DDD(R) pacemakers (see Chapter
13).
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Chapter 5
Intraventricular Conduction Disturbances

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, |
discussed the entire infra-His system as a unit as a site of prolonged, intermittent, or failed conduction. In this
chapter, | address the consequences of impaired conduction in the individual fascicles. | will not detail the
influences of pathologic processes, such as infarction, on ventricular activation. However, | 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 (RBB) and the multiple divisions of the left bundle branch (LBB). This technique may be useful in
evaluating conduction over the RBB, particularly if simultaneous measurements from the LBB are also obtained
from the catheter and/or if the entire pattern of right ventricular activation is determined intraoperatively. It is
possible because the anatomy of the RBB is generally uniform. In humans the RBB has its major route from the
His bundle through the musculature of the ventricular septum. The septal band gives rise to the moderator band,
which extends to the anterior papillary muscle at the apical third of the right ventricular free wall. Purkinje fibers
extend from the moderator band to the remainder of the RV. In Tawara's text a branch from the RBB in the
moderator band gives rise to Purkinje fibers that subsequently activate the septum (Fig. 5-1). In some patients
there appears to be a small continuation of the RBB distal to the moderator band toward the apical septum,
which is also supplied by extensions of the moderator band and Purkinje fibers. Mapping studies of the RBB by

Durrer et al.” and Horowitz et al. showed that most individuals have the moderator band as the main source of

right ventricular activation. Durrer et al.” also noted that one in four had relatively early activation of the right
ventricular apical septum, but activation of the septum never occurred prior to activation of the right ventricular
free wall.

However, there are many objections to its use in evaluating the LBB system. The major objection stems from the
fact that the LBB does not divide into two discrete fascicles, but it divides into two or three broad fascicle, then

rapidly fans out over the entire left ventricle. The size of the fascicles is highly variable as described by Tawara?

more than 100 years ago (Figs. 5-2 and 5-3). 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 mathematically derived electrograms from an intracoronary probe (Endocardial Solutions, Inc.)
may provide assessment of His—Purkinje activation, particularly on the septum, but the use of this probe is
complicated and expensive. Moreover, 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 RBB 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
electrocardiographic patterns and should be performed whenever possible.

Traditionally, in clinical electrocardiography, three major fascicles are considered to be operative in normal
persons, even though a third fascicle of the LBB (septal fascicle) is usually responsible for the initiation of



intraventricular septal depolarization (see Fig. 2-18).2 Electrocardiographically the three major fascicles are (a)
the RBB, which is an anatomically compact unit that travels as the extension of the His bundle after the origin of
the LBB; (b) the anterior (superior) division of the left bundle branch block (LBBB); and (c) the posterior (inferior)
division of the LBB. The LBB and its divisions are, unlike the RBB, diffuse structures that fan out just beyond

their origin (some investigators have denied their distinct anatomic existence).,> 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. The contribution of the septal fascicle to the
ECG is less well appreciated but is responsible for the initial left to right septal forces giving rise to a small r
wave in lead V1 and a small g wave in lead | and/or aVL.
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Definitions

1.

Right bundle branch block (RBBB). QRS interval prolongation >120 msec with normal activation during
the first half (approximately 60 msec) of the QRS complex, delayed intrinsicoid deflection in lead V1, and
abnormal anterior and rightward forces during the terminal portion of the QRS complex.

Left bundle branch block. QRS interval prolongation >120 msec or (usually >140 msec) delayed
intrinsicoid deflection in lead V6 (>0.075 seconds); absent Q waves and slurred broad R waves in leads |,
aVL, and V6; rS or QS deflection in leads V1 and V2 (and often to V4); and an ST- and T-wave vector
180 degrees discordant to the QRS vector.

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 degrees with a counterclockwise loop,
and initial activation in a rightward and inferior direction, with a small g wave in lead aVL and a small r
wave in lead lll, followed by leftward and superior forces with tall R waves in lead | and aVL and deep S
waves in leads Il lll, and aVF.
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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
RBBB), a frontal plane QRS axis to the right of +110 degrees, with a clockwise loop, a small initial r wave
in lead aVL, a small g wave in lead aVF, and a subsequently large terminal S wave in lead aVL and an R
wave in aVF.

Intraventricular conduction defect (IVCD). QRS interval prolongation >120 msec with a pattern not
conforming to LBBB or RBBB. 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.
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FIGURE 5-1 Incomplete nature of bundle branch block. From top to bottom in each panel: surface ECG
leads 1, 2, 3, and V1 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.
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FIGURE 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 seconds). 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 seconds). Note the relationship of the ventricular electrogram in the His
bundle recording of the right ventricular apex electrogram (dotted line) during each conduction pattern.

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 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® and (b) spontaneous or induced

alternating “complete” bundle branch block (Figs. 5-1 and 5-2).” 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.

The marked H-V prolongation during LBBB in Figure 5-1 and during RBBB 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.
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FIGURE 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 Pl (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. Circulation 1977;56:996.)

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 RBBB 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;® hence, the conduction
problem may not necessarily lie in the individual bundle branch. This phenomenon has been substantiated in the
case of both LBBB and left anterior hemiblock by normalization of the QRS complex, H-V interval, and ventricular

activation times during His bundle stimulation (Fig. 5-3).%,'° 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
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His potentials) accompanying bundle branch block, particularly LBBB.
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FIGURE 5-4 Site of block in left bundle branch block. ECG leads |, Il, lll, V1, and V6 are shown with
electrograms from the high-right atrium (HRA) and proximal (HISp) and distal (HISd) His bundle. On the left,
during right atrial pacing at a cycle length of 380 msec, there is an intra-His conduction delay 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 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 LBBB and split His
potentials produces progressive prolongation of conduction and ultimate block between the two His potentials,
that is, in the His bundle.

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 RBB 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 RBBB can result from lesions

at different levels of the conducting system in the right ventricle.'",'? 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 RBB, 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 RBBB: (a) Proximal RBBB, (b) distal RBBB at the level of the moderator band,

and (c) terminal RBBB involving the distal conducting system of the RBB or, more likely, the muscle itself."?

Proximal RBBB was the most common form noted after transatrial repair of tetralogy of Fallot,’",'? and similar

studies in adults suggest it is also the most common spontaneously occurring type of chronic RBBB."3,'4,1% In
proximal RBBB, 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
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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 spread 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 RBBB, the mid- and apical septa are activated at
least 30 msec after the onset of the QRS.
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FIGURE 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.
Circulation 1980;62:319.)
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FIGURE 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. Circulation 1980;62:319.)

In distal RBBB, activation of the His bundle and proximal RBB is normal. RBB 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 RBBB is extremely rare as a spontaneous form of bundle branch block. In distal RBBB, the apical and
midsepta are normally activated, but activation of the free wall at the level of the moderator band and subsequent
activation of the RVOT is delayed (Figs. 5-9 and 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).

Terminal RBBB was the second most common form of RBBB observed following either transatrial or
transventricular
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repair of tetralogy of Fallot. Activation along the specialized conducting system (i.e., His bundle branch and RBB)



remains normal up to the Purkinje—myocardial junction (Fig. 5-11). In contrast to proximal and distal RBBB,
activation of the midanterior wall is unchanged from normal, and only the RVOT shows delayed activation.
Epicardial mapping demonstrates slowly inscribed isochrones from the infundibulum to the base of the heart
(Figs. 5-12 and 5-13). Of note, terminal RBBB, which is probably due to interruption of the terminal Purkinje

network and/or intramyocardial delay can have two quantitatively similar but qualitatively different patterns.'?

Prerepair

FIGURE 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. Circulation 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.'6,'7,18 19 20 21 Qur findings were similar to those of Wyndham, '3

Wyndham et al.,"* and Van Dam."®

Clinically, these findings'","2,13,14 15 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 RBB is normal but

stretching of terminal Purkinje fibers and/or muscle causes delayed activation of the RVOT."® | have also seen
terminal bundle branch block in patients with cardiomyopathy and chronic lung disease. Finally, | 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
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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 septa in the



presence of RBBB. If RBBB is proximal, activation of the mid- and apical septa will be delayed, producing a V

(onset of the QRS) to local RV activation time exceeding 30 msec.??,2° If the RBBB is the rare distal type or,
more commonly, the terminal RBBB, the local activation time at the mid- and apical septa will be normal (i.e., <30
msec), whereas that of the anterior wall (in the case of distal RBBB) and/or the outflow tract (either distal or
terminal RBBB) will be delayed. Electroanatomic mapping allows one to display right and/or left ventricular
activation during bundle branch block. An example of RBBB due to proximal RBBB and passive RV activation by
transseptal spread from the left ventricle is shown in Figure 5-14.
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FIGURE 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 (DRB1) 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. Circulation 1980;62:319.)
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FIGURE 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. Circulation 1980;62:319.)

Prerepair

FIGURE 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. Circulation 1980;62:319.)

Left Bundle Branch Block
Far fewer data are available to evaluate the site of conduction abnormalities in LBBB. No human studies have
traced conduction from the His bundle down the left bundle system, as done in RBBB."",? Epicardial mapping

data in a few patients with LBBB'3,"#,15 demonstrate (a) that right ventricular activation is normal but occurs
relatively earlier in the QRS; (b) that a discrete left ventricular breakthrough site is absent, in contrast to normal,
in which two or three breakthrough sites may be observed; (c) that transseptal conduction is slow, as manifested
by crowded isochrones in the interventricular sulcus with more rapid isochrones along the left ventricular free

wall. In LBBB with normal axis, Wyndham' found that the latest left ventricular site activated was not the A-V
sulcus, as it is with normal intraventricular conduction. These studies, however, not only were limited by the
small number of patients but by the fact that the authors did not consider myocardial disease and did not
adequately address the effect of axis deviation.
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Furthermore, the extent to which intramural conduction delay contributed to QRS widening has never been
assessed.
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FIGURE 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. Circulation



1980;62:319.)

We therefore decided to evaluate endocardial activation during LBBB in a heterogenous group of patients,
including four with no organic heart disease, six with congestive cardiomyopathy, and eight with coronary artery

disease and previous infarction.?* All but one patient had a QRS >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 the following discussion).

We performed catheter mapping studies, as described in Chapter 2. We recorded standard activation sites (Fig.
5-15) 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
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no difference in a number of sites mapped among any of the three groups.

Pre Post
e
1 |I *(’-/\ -k/_h
A \\/\A/\
3‘*‘"‘\-—)\__/‘ \"‘"-—-f\.\/-/\
3 g
1 "
“ "2,
RVOT ..[ ;
|

FIGURE 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. Circulation 1980;62:319.)
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FIGURE 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.
Circulation 1980;62:319.)

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,® 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).24

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.

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
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patients with prior anteroseptal infarction was only 11 £ 11 msec and was significantly shorter than that reported
in the other groups (p < 0.05).
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FIGURE 5-14 Electroanatomic mapping during complete, proximal RBBB. The activation sequence of the RV
and LV during RBBB is displayed with 10-msec colored isochrones (red early to blue/purple, late; see color bar).
The LV is activated earliest with early breakthroughs on the anterior wall, septum, and inferior wall (not seen).
Activation spreads transseptally to activate the RV sequentially.

FIGURE 5-15 Schema of mapping sites in the right and left ventricles. (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.)

TABLE 5-1 Relationship between QRS Axis and Activation Sequence

Normal Axis Left-Axis Deviation

Axis (Degrees) Earliest LV Site Latest LV Site Axis (Degrees) Earliest LV Site Latest LV Site




+45 2-3 8-10 -40 1-2 7

+45 2-3 7 -40 1-2 10
12

+10 2 7 -40 3-5 8
12

-10 2-3 10 -50 3 8

1-2

+20 2-3 8 -60 3-5 12

+45 2-3 6 -45 3 11

+50 3 6 -45 1-2 11-12
1-2

+45 3 7 -45 2-3 8

0 1-2 8 -50 2-3 1
12 12

LV, left ventricular.

From Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block.
Circulation 1984;69:914.

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
1 15, respectively) (p < 0.05). 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 < 0.05. 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 1 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 LBBB 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 septa 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 LBBB.?# 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
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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.

TABLE 5-2 Results of Left Ventricular Mapping

Total LV Total LV Activation
Patient Activation QRS
No. (msec) LV Endocardial Breakthrough (msec) Latest Endocardial Sites (msec) (msec) (% QRS)
Group 1
1 160 26 105 79 49
2 160 58 115 57 36
3 150 52 170 118 77
4 155 38 108 70 45
Group I
5 155 64 126 62 40
6 160 78 130 52 33
7 160 52 92 40 25
8 165 55 138 83 50
9 175 60 122 62 35
10 130 40 108 68 52
Group Il
11 185 32 160 128 69
12 200 53 196 143 72
13 190 70 15 80 42

14 180 28 152 124 69



15 215 50 230 180 84

16 195 89 183 94 48
17 170 42 134 92 54
18 195 45 158 113 58

LV, left ventricular.

From Vassallo JA, Cassidy DM, Marchlinski FE, et al. Endocardial activation of left bundle branch block.
Circulation 1984;69:914.

Thus, although rapid delay of transseptal activation is common to all forms of LBBB, 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 LBBB 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
Figures 5-16 and 5-17. Analog recordings in comparable patients are shown in Figures 5-18 and 5-19. 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 isochrones. Higher density mapping (60 to
200 sites) using the Carto System (Biosense) has confirmed these data. Detailed mapping of LV activation has
been part of the evaluation of resynchronization therapy. The area of latest activation is usually the
posterolateral wall in patients with complete LBBB in the absence of infarction (Fig. 5-20), but may reside
elsewhere in infarcted tissue in patients with old myocardial infarction. The fractionated electrograms and

delayed activation form an arrhythmogenic substrate (see Chapters 11 and 13). Auricchio et al.2® have described
intraventricular block in the LV in LBBB of all etiologies using the EnSite system. We have not seen this using
electroanatomic mapping. We believe that the multiple breakthroughs noted in many patients with LBBB (Tables
5-1 and 5-2) resulting in collision of wavefronts, as well as abnormal conduction in patients with infarction are
responsible for the uniformly seen intra-LV block noted above. ESI, which really interpolates 64 noncontact
activation points to produce several thousand “electrograms,” may have yield artifacts in the interpolated format.

Rodriguez et al.,?® using electroanatomic mapping, confirms our data.

We believe that the heterogeneity of endocardial activation in patients with LBBB is a manifestation of the
integrity of the distal specialized conducting system. Patients with
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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 LBBB.2’



FIGURE 5-16 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. Circulation 1984;69:914.)

We compared patients with no heart disease, those with inferior infarction, and those with anterior infarction.2’
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.

FIGURE 5-17 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. Circulation 1984;69:914.)

Analog records and isochronic maps in a patient with no infarction and one with an anterior infarction are shown
in Figures 5-21 to 5-23. They are remarkably similar to those comparable patterns recorded in spontaneous
LBBB. Thus, the only common bond in patients with LBBB is a delay in transseptal activation.

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®*,?” suggest that whenever the pattern of

LBBB is present, regardless of variability of QRS patterns, a similar degree of “block” in the LBB 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” LBBB.?2 Thus, the risks of A-V block associated with the
appearance of LBBB 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.
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FIGURE 5-18 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. Circulation 1984;69:914.)

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.

LBBE QRS:200 msec
LV Activation: 53-196 (143 msec)
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FIGURE 5-19 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. Circulation 1984;69:914.)

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 RBB recordings has been
helpful in demonstrating this.?°

Proximal RBBB has been defined by disappearance of a right bundle recording that was previously present.
However, absence of a RBBB 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 RBB that is not recordable as a “spike.” Distal block in the RBB is said to exist when the
proximal RBB recording remains present during intermittent bundle branch block.
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FIGURE 5-20 Electroanatomic mapping during complete LBBB. The figure is displayed similarly to the
electroanatomic map shown in Figure 5-14. During LBBB earliest activation occurs on the free wall of the RV. In
this patient the activation wavefront completes activation of the RV ( yellow) before transseptal activation
depolarizes the LV. Note the LV is smoothly activated from the septum to the posterolateral (base) LV. No intra-
LV block is seen.

Most of the data suggest, however, that proximal block is responsible for at least the initial appearance of RBBB
during phase 3 block. An observation that supports this concept is that during increasing “degrees” of RBBB in
response to atrial premature stimuli, an increasing His to RBB potential is observed before the development of

complete block, when absence of the right bundle recording is observed (Figs. 5-24 and 5-25).30

In addition to the absence of the proximal RBB potential, the time from the onset of QRS to the midseptal right
ventricular recording site exceeds 30 msec, as noted previously, in chronic RBBB. Almost invariably, when right
bundle block aberration occurs at long cycle lengths, the delay and block are proximal to the RBB recording.
Distal delay (i.e., RBBB in the presence of a normal His to RBB potential recording) is rare but may occur at
shorter cycle lengths (Fig. 5-26). 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 RBB potential may reappear, suggesting a shift from proximal to distal site of block.

Akhtar et al.?? has clearly demonstrated a shift in the site of block during a rapid pacing producing 2:1 block
below the His (Fig. 5-27). 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 RBBB is distal to the right bundle recording. Persistence of RBBB during 1:1
conduction with a normal H-RB interval may be due to a shift to a distal site; however, | believe this
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more likely is due to retrograde concealed conduction with collision below the right bundle recording site (Fig. 5-
27B).
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FIGURE 5-21 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 | patient without infarction (left) than in the group Ill patient with
anterior myocardial infarction (AMI). (From Vassallo JA, Cassidy DM, Miller JM, et al. Left ventricular endocardial
activation during right ventricular pacing: Effect of underlying heart disease. J Am Coll Cardiol 1986;7:1228.)
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FIGURE 5-22 /sochronic map during right ventricular (RV) pacing in a group | 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 ventricular pacing: effect of underlying heart
disease. J Am Coll Cardiol 1986;7:1228.)

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. 5-28) is more consistent, | believe, with retrograde concealment. The fact that ventricular premature
complexes (VPCs) delivered during aberration can suddenly normalize conduction is further evidence that

retrograde concealment is the responsible mechanism (see Chapter 6).%’

Our experience is consistent with Akhtar's® in that the initial beat of long short-induced RBBB 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 RBB, which may be complicated by

retrograde invasion of the right bundle following this development of RBBB. Chilson et al.3? showed that the
refractory period of the RBB shortens to a greater degree than that of the LBB system at increasing heart rates.
This leads to the greater ability to demonstrate LBBB at short-drive cycle lengths and RBBB at long-drive cycle
lengths. This is illustrated in Figure 5-27B where long H-H intervals precede RBBB and shorter H-H intervals are
associated with LBBB. The shortening of RBB 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. A graph showing this
relationship is given in Figure 5-29.
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FIGURE 5-23 Isochronic map during right ventricular (RV) pacing in a group Il 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. (From Vassallo JA, Cassidy DM,
Miller JM, et al. Left ventricular endocardial activation during right ventricular pacing: effect of underlying heart
disease. J Am Coll Cardiol 1986;7:1228.)

Transient LBBB aberration is less common than RBBB. In our laboratory, at paced cycle lengths of 600 msec or
longer, approximately 25% of phase 3 type aberration is of the LBBB
P.128

variety. This is approximately that seen in prior studies.3? Use of multiple electrode recordings along the His
bundle are particularly useful in demonstrating that LBB conduction delays are very proximal and, | 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 LBBB
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 LBB is often associated with an intra-His conduction
delay, or proximal His to proximal right bundle delay, as seen in Figure 5-30. 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.
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FIGURE 5-24 Right bundle branch potentials in incomplete and complete right bundle branch block (RBBB). A
B. The basic atrial cycle length is constant at 700 msec, and progressively shorter atrial coupling intervals (A1-
A2) 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 S1-S2 interval to 350 msec, (A), results in an
incomplete RBBB pattern, and a further increase in the H2-RB2 occurs (RB1-RB2 exceeds H1-H2 by 15 msec).
B: During the complete RBBB pattern, no identifiable RB2 potential is recorded. Although not labeled, H1-V1 and
H2-V2 values measure the same in all panels, and the H1-H2 therefore equals V1-V2. Tracings from top to
bottom are ECG leads |, Il, V1, 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, et al. Site of conduction
delay during functional block in the His-Purkinje system in man. Circulation 1980;61:1239.)

Regardless of axis deviation, the initiation of LBBB 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 RBB show incremental delays within the His bundle or, when a RBB
potential is measured, proximal to that RBB potential (Fig. 5-31).

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 LBB and RBB
and is not due to conduction delay in the His bundle or contralateral bundle (Fig. 5-32). In the latter instances,
the distal H-RB or distal H-RV would increase. These findings strongly suggest that the His bundle is probably
longitudinally dissociated into fibers predestined to serve the right ventricle (RBB) 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, | 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, | 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).

Bradycardia or phase 4 block almost always manifests a LBBB pattern. | have not yet seen a case of isolated
bradycardia-dependent complete RBBB, 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 LBBB demonstrate an H-V interval no different from the normal H-V interval. That is, the
His-to-RBB potential, or intra-His delay, is not the source of the conduction defect but that delay in
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the distal conducting system is responsible of bradycardia-dependent LBBB. Moreover, it has a higher rate of



underlying automatically than the RBB system. An example of bradycardia-dependent LBBB is shown in Figure
5-33; 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 LBBB. Acceleration-dependent block in contrast
is observed in both the RBBB and LBBB.
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FIGURE 5-25 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, et al. Site of conduction delay during
functional block in the His-Purkinje systemin man. Circulation 1980;61:1239.)

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

P.130
by drugs and other factors. However, the isolated appearance of bradycardia-dependent block is almost always
associated with LBBB. The clinical implications of rate-dependent bundle branch block are not clear.
Acceleration-dependent and bradycardia-dependent blocks 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.
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FIGURE 5-26 Distal block in the right bundle (RB) branch. The basic atrial cycle length is 700 msec, and the
H1-V1 and RB1-V1 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, et al. Site of conduction delay during functional block in the
His-Purkinje systemin man. Circulation 1980;61:1239.)

Clinical Relevance of Intraventricular Conduction Disturbances
The major interest in the study of IVCDs stems from early studies showing that bifascicular block, specifically

RBBB with left-axis deviation, is the most common ECG pattern preceding complete heart block in adults.?
Other forms of IVCD precede the bulk of the remaining instances of complete infra or infra-His heart block.



Although the incidence
P.131
of progression of complete heart block varies from 2% to 6% a year, the method of patient selection markedly

influences this.®#,3°,36 37 38 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.® 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.

FIGURE 5-27 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 eighth 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 measures 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, et al. Site of conduction
delay during functional block in the His-Purkinje system in man. Circulation 1980;61:1239.)

Role of Electrophysiologic Studies in Predicting Risk of Heart Block

If one accepts the functional trifascicular or quadrifascicular 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
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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 tri-/quadrifascicular 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 <55 msec).
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FIGURE 5-28 Site of block during perpetuation of right bundle branch block aberration. Same patient as Figure
5-22. 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 A2, no RB potentials can be identified in eight of the panels; however, the RB potentials with
subsequent premature beats (RB3 and RB4) are clearly recognizable. Although not labeled, the H3-RB3, H4-
RB4, and corresponding RB-V intervals measure the same as sinus beats. (From Akhtar M, Gilbert C, Al-Nouri
M, et al. Site of conduction delay during functional block in the His-Purkinje system in man. Circulation
1980;61:1239.)
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