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Notice

Medicine is an ever-changing science. As new research and clinical experience
broaden our knowledge, changes in treatment and drug therapy are required. The
authors and the publisher of this work have checked with sources believed to be
reliable in their efforts to provide information that is complete and generally in
accord with the standards accepted at the time of publication. However, in view of
the possibility of human error or changes in medical sciences, neither the authors
nor the publisher nor any other party who has been involved in the preparation or
publication of this work warrants that the information contained herein is in every
respect accurate or complete, and they disclaim all responsibility for any errors
or omissions or for the results obtained from use of the information contained in
this work. Readers are encouraged to confirm the information contained herein
with other sources. For example and in particular, readers are advised to check
the product information sheet included in the package of each drug they plan to
administer to be certain that the information contained in this work is accurate
and that changes have not been made in the recommended dose or in the contrain-
dications for administration. This recommendation is of particular importance in
connection with new or infrequently used drugs.
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Preface

Enormous change has occurred in our specialty since the publication of
the first edition of Clinical Electrophysiology Review. Diverse energy
sources are in development or common use with robotic and magnetic
guidance systems to pinpoint the ablation target. We use sophisticated
mapping systems with anatomically true graphics online and nonfluoro-
scopic visualization of our catheters. Online intracardiac ultrasound has
become a routine tool in many laboratories. The ablation of atrial fibrilla-
tion has become commonplace and is the most common ablation proce-
dure in many laboratories. The ablation of VT has become routine and the
pericardial space is frequently entered to access the epicardium.

Despite this tremendous progress, the need to preserve and indeed
to cultivate our skills in electrocardiographic and electrophysiologic rea-
soning and diagnosis remains. There is an increasing emphasis on the
technical aspects of electrophysiology in our teaching centers, and gen-
erations of young electrophysiologists may not acquire the skills to deci-
pher a complex arrhythmia puzzle. These cases, when they appear, must
be dissected in great detail and the learning points must be thoroughly
examined. It is in this spirit that we have produced the second edition of
this book.

ix

While new cases have been added and others refreshed, those famil-
iar with the first edition will not see a profound change in emphasis.
Indeed, the electrocardiographic and electrophysiologic problem-solving
skills required to master these arrhythmias have not changed for a long
time and are unlikely to change substantively in the future. There is no
attempt to include every bizarre case that we see or to provide encyclope-
dic coverage of every issue. Rather, we emphasize an organized approach
based on making observations, “framing” the problem, and testing each
“hypothesis” to explain the observations. We have added several ECG
examples because ultimately the ECG and intracardiac tracings are on
a continuum and require similar approaches and skills. We discourage
a strict pattern recognition approach to the ECG in favor of an electro-
physiologic approach.

We hope that this edition will serve you well.

George J. Klein, MD
Eric N. Prystowsky, MD
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Chapter 1

Analysis of Complex
Electrophysiologic Data

A novice in a busy electrophysiology (EP) laboratory will generally
learn to recognize the common arrhythmias in a relatively short time.
It requires considerably more seasoning to recognize the variants and
unusual mechanisms, or to “hit the curve ball.” It is hoped that the fol-
lowing commentary assists in providing structure and focus to the EP
study and facilitates analysis of the case studies to follow.

It Begins with the Electrocardiogram

The EP study is an extension of the electrocardiogram (ECG) with the
addition of intracardiac recording and programmed electrical stimu-
lation. Insightful interpretation of the ECG allows for prospectively
considering additional catheters, stimulation sequences, or maneuvers
appropriate for the postulated arrhythmia. This limits the diagnostic
possibilities and avoids unnecessary steps (Fig. 1-1). The fundamen-
tals of ECG interpretation of an arrhythmia include identification of P
waves, determining the atrioventricular (AV) relationship, and analyz-
ing the QRS morphology (Table 1-1). For confusing problems, it is
useful to create a “written” list of all potential hypotheses and to plan
for specific interventions that will test them. As data are accumulated
during the EP study, the facts supporting or refuting the hypotheses can
be tabulated. The hypotheses can be represented by schematic draw-
ings for complicated scenarios. This method is illustrated at the end of
this chapter.

Less Is Often Not More

There are those gifted, intuitive individuals who leap to the correct
diagnosis and apparently bypass all the rational, systematic steps.
Most of us, however, are better served by a consistent, methodical

approach that does not cut corners. A sample protocol for an unknown
supraventricular tachycardia (SVT) is shown in Table 1-2. When used
routinely, such a protocol will usually result in induction of clinically
relevant tachycardia and provide an assessment of the pertinent EP of
the heart. Determining the functional properties of the atria, ventricles,
and AV conduction system in an individual elucidates the potential
arrhythmia mechanisms and limits the diagnostic possibilities for the
observed arrhythmia. For example, it is difficult to imagine AV reen-
trant tachycardia occurring in the total absence of retrograde conduc-
tion, even realizing the relatively rare occurrence of conduction over
an accessory pathway (AP) only in the presence of isoproterenol. It is
also important to display the data channels in a consistent sequence
to provide an orderly and familiar framework that facilitates analysis.
This point is underscored by the fact that even experienced electro-
physiologists require a period of adjustment when looking at data from
other laboratories. Of course, other nonconventional recording sites
can be added to facilitate diagnosis in selected cases. For example,
recording from the left bundle branch can be useful when confirming
the diagnosis of bundle branch reentrant tachycardia.

A thorough diagnostic study need not be time consuming and pays
dividends both intellectually and clinically. The temptation to ablate
an obvious AP without study will not be productive if the patient’s
symptoms are not related to any tachycardia, the patient’s tachycardia
is not related to the pathway, or the “culprit” AP is a different pathway
(Fig. 1-2). The study also provides information regarding other poten-
tial thythm problems that may be unrecognized during the clinical
assessment and allows consideration of alternative approaches such as
slow pathway ablation in a patient with AV reentrant tachycardia that
can only occur with anterograde conduction over the slow AV node
pathway. Radio-frequency ablation itself is an important diagnostic



1-1  Two-channel rhythm strip recorded from a patient scheduled for
electrophysiology study for palpitations. The onset of the tachycardia occurs
after the second QRS and the P wave is noted in the following diastole to be

of different morphology than the probable initial sinus P wave. The identification
of the P wave during tachycardia is facilitated by comparison with the last QRS
in the strip that is not followed by a P wave. Careful measurement with calipers
(a critical tool of the electrophysiologist) will illustrate that the onset of the

tachycardia does not require PR prolongation. In addition, the cycle length varies
and during this, the PR stays constant while the apparent RP varies. These
findings are most compatible with an atrial tachycardia. Note that most junctional
reentrant tachycardias would require some AV delay at the onset and such
variable retrograde conduction would be unusual. This information provides a

focused starting point to plan electrophysiology study.
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Table 1-1 ECG Rhythm Analysis

¢ Identify P waves and determine their morphology, if possible
* Determine the atrial rhythm

* Analyze the QRS complex morphology

* Determine the A—V relationship

tool. Cases involving multiple tachycardia mechanisms can be very
confusing. In such situations, at least one of the tachycardia mecha-
nisms is frequently obvious and successful ablation of the tachycardia
generally simplifies the diagnosis of the remaining mechanism(s).

The Key Is Frequently at a Transition

Fishermen have long appreciated that the majority of the fish are
caught in a relatively small area of the lake. Similarly, the correct diag-
nosis may not be apparent from the copious EP records during stable
tachycardia. Although the electrograms may have a certain temporal
sequence, there is no indication of cause and effect in the sequence
of electrograms. Is the atrium driving the ventricle or vice versa? Is
the preexcited QRS an active participant in the tachycardia circuit or
merely a bystander camouflaging another mechanism? The “hot spots”
that frequently yield the answer are the zones of transition. The zones

Table 1-2 Sample Protocol for Supraventricular Tachycardia

* Record five surface ECG leads

¢ Insert four intracardiac catheters to record from the high
right atrium (HRA), His bundle (H), right ventricle (RV),
and coronary sinus (CS)

 Incremental atrial and ventricular pacing to AV and VA block,
respectively

* Atrial and ventricular extrastimulus testing at two or more basic
drive cycle lengths

* Use multiple extrastimuli, atrial, and ventricular pacing,
pharmaceuticals (e.g., adenosine, isoproterenol, verapamil), as required

ANALYSIS OF COMPLEX ELECTROPHY SIOLOGIC DATA

include the onset of tachycardia, the termination of tachycardia, change
to an alternate QRS morphology, irregularities in cycle length (CL),
and ectopic cycles (Table 1-3). The onset reveals the conditions neces-
sary to initiate the tachycardia. Does it require block in an AP, critical
prolongation of the atrio-His (AH) interval, or conduction delay in the
His—Purkinje system? Does a SVT consistently terminate spontane-
ously with an atrial electrogram? The latter strongly suggests that the
tachycardia mechanism obligates AV node conduction. Does a change
from normal QRS to bundle branch block alter any of the conduction
intervals or tachycardia CL, suggesting the bundle branch is a critical
component of the tachycardia circuit? Careful attention to the zones of
transition is often rewarding as is illustrated.

Make Something Happen

The EP study provides an opportunity to disturb an arrhythmia with
pacing, extrastimuli, autonomic maneuvers, physical maneuvers, and
drugs. Single, or multiple, atrial or ventricular extrastimuli are pro-
grammed into the cardiac cycle and made progressively more prema-
ture to loss of capture. This invariably provides the zone of transition
that clarifies the requirement of atrium or ventricle in the mechanism
or alters the tachycardia in a manner that clarifies the problem. In other
words, if the tachycardia mechanism is not perfectly obvious, overdrive
pacing or programming extrastimuli will almost invariably clarify it. A
long-standing “inverse rule” may be useful to trainees—initially intro-
duce premature atrial extrasystoles into a wide QRS tachycardia and
ventricular extrasystoles into a narrow QRS tachycardia. Changes in
posture cause autonomic adjustments and alter cardiac filling. Agents
such as adenosine usually affect specific tissues and mechanisms, and
can be invaluable. Isoproterenol is useful for mimicking states of cat-
echolamine excess or altering specific EP properties to allow induction
of tachycardia.

Although many pacing and extrastimulation maneuvers have been
described, it is useful to understand the basic underlying principles by
which they function. The overriding principle underpinning most pac-
ing interventions is illustrated schematically in Fig. 1-3. In essence,
the ability of pacing to influence or “reset” a tachycardia is dependent
on two key variables.
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1-2 Tracing from a patient with Wolff-Parkinson—-White (WPW) and
documented supraventricular tachycardia. The first two cycles are preexcited and
a 12-lead ECG suggested a septal pathway conducting anterogradely. Earliest
ventricular activation in sinus rhythm is at the proximal coronary sinus electrode
(CSp) positioned near the orifice of the coronary sinus. An atrial extrastimulus
(S) blocks the pathway and starts supraventricular tachycardia. However, earliest
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retrograde atrial activity is at the distal coronary sinus electrogram. In this
patient, complete mapping revealed that the “culprit” accessory pathway was a
concealed left lateral pathway and the manifest accessory pathway was of no
clinical significance. Ablation of this pathway would have served no purpose.
1, 2, and V1, surface ECG; HBE, His bundle electrogram.
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1-3 Schematic illustration of dependence of pacing intervention on distance
and access to the tachycardia mechanism. (A) The pacing cannot conduct to
the tachycardia circuit. An example would be ventricular pacing with an atrial

C tachycardia in the absence of ventriculoatrial conduction. (B) The paced impulse

_rL is close to and has excellent access to the tachycardia mechanism. An example
might be right ventricular basal pacing in AV reentrant tachycardia over a right
accessory pathway. You would expect the tachycardia to be easily reset by
pacing at relatively long coupling intervals and you would expect also the VA
interval during tachycardia to approximate the stimulus to A interval during
pacing. You would also expect the postpacing interval (PPI) to be close to the
tachycardia cycle length. (C) The pacing site is relatively far from the circuit and
the circuit is relatively small. The usual example would be RV pacing during AV
node reentrant tachycardia. You would expect that it would be difficult to reset this
tachycardia and only with short coupling intervals. In addition, you would expect
v the VA interval during tachycardia to be considerably longer than the stimulus to
C) A interval during pacing. You would also expect the PPI to be considerably longer
than the tachycardia cycle length.
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Table 1-3 Zones of Transition: The Key to the Mechanism

* The onset and termination of tachycardia

* Change to an alternate QRS morphology

¢ Irregularities in cycle length

 Ectopic cycles

* The onset and termination of overdrive pacing

The first is distance from the pacing site to the tachycardia mecha-
nism. (Note that this distance may also be “electrophysiologic” as well
as geographic in that the pacing site may be “far” from the tachycardia
mechanism if there is conduction block adjacent to pacing site requir-
ing a roundabout access to the mechanism.)

The second is access to the circuit. A large reentrant circuit with
a large excitable gap is more penetrable by pacing than a “focal”
arrhythmia source. In essence, preexcitation of the subsequent A by a
premature ventricular complex (PVC) during SVT occurs much more
readily with a large AV reentrant circuit close to the pacing site rather
than the much smaller and most distant circuit of AV node reentry.
Similarly, capture of a SVT by ventricular pacing also depends on the
same factors. The postpacing interval (PPI) and the difference of ven-
triculoatrial (VA) during tachycardia compared with VA during pacing
clearly depend on these. In fact, the PVC that resets the A during SVT
is just capture for one cycle and all the useful postpacing data also
apply to the single PVC that resets tachycardia as will become evident
in some of the exercises.

Expect the Unexpected

It is important to keep an open mind to all the diagnostic possibilities
until the correct one has been clearly established. Prematurely accept-
ing what appears to be obvious may result in the psychological trap of
fitting subsequent observations to the expected and may blind a person
from performing the required steps. For example, a SVT with simulta-
neous atrial and ventricular activation immediately suggests AV node
reentry but does not rule out atrial tachycardia with a long AV interval
or junctional tachycardia with retrograde conduction.

You Must Have the Tools

An organized approach and a strategic plan are only useful with a firm
knowledge of physiologic principles and mechanisms. Consider an
example where ventricular pacing produces a “central” (concentric)
retrograde activation sequence with earliest retrograde atrial activation
at the His bundle electrogram. Retrograde conduction time is constant
(not rate dependent), and there is no suggestion of anterograde pre-
excitation. Is retrograde conduction proceeding over the AV node, or
is it proceeding over a “concealed” septal AP? Block of retrograde
conduction with adenosine favors but does not definitively prove AV
node conduction since adenosine may affect some APs. A fundamental
physiologic principle can be applied. The VA conduction will be short-
est when pacing at the ventricular site closest to the retrograde path-
way. In the case of an anteroseptal AP, pacing the ventricle near the His
bundle will provide the shortest VA interval (assuming one does not
use sufficient energy to cause His bundle capture). In the case of AV
node conduction, pacing near the terminus of the right bundle branch
(the RV apex is close to this) will provide the shorter VA interval when
pacing at the same rate. This principle is illustrated in Fig. 1-4. Pacing
the His bundle directly will result in very early capture of the atrium
near the His bundle. Loss of His bundle capture (by lowering current
strength) and retaining capture of myocardium in the region will result
in no change in VA interval if retrograde conduction was proceeding
over an anteroseptal AP but will result in VA prolongation if conduc-
tion was proceeding over the AV node or a more distant AP.

As another example, AV node conduction is rate dependent (decre-
mental) with prolongation of the AH interval after progressively more
premature atrial extrastimuli, while AP conduction is generally not rate
dependent. However, it is important to appreciate that some APs exhibit
impressive rate dependence comparable to the AV node, whereas other
AV nodes exhibit little or no rate dependence and mimic AP conduc-
tion. There is no shortcut to the assimilation of EP principles.

A differential diagnosis of potential entities when a phenomenon
is encountered is a fundamental tool to begin the process of hypothesis
testing to arrive at the correct diagnosis. Tables 1-4 to 1-12 may be
useful in this regard in the analysis of the unknown traces providing
the possible mechanisms under each category of observation.

CHAPTER 1
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1-4 Evaluation of retrograde conduction during EP testing, “para-Hisian
pacing.” This patient had concentric retrograde atrial conduction that was

rate independent (not “decremental”’) and it was unclear whether retrograde
conduction was proceeding over the normal AV node or over a concealed septal
accessory pathway. “Para-Hisian” pacing is started by pacing the distal pole of
the His catheter with the electrogram at the site showing a clear His deflection
and relatively small A so as not to pace the A inadvertently. Right ventricular
paraseptal pacing has been achieved because the HBd catheter shows local
capture. His bundle pacing is achieved (first three cycles) as suggested by
the relatively narrow QRS (in fact, fusion between RV pacing and His pacing).
Noticeably, atrial capture is not present since the stimulus to A at the atrial
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septum is longer than you would expect if such were the case. As the current
strength is reduced, His bundle capture is lost and the adjacent RV myocardium
is still paced. This is indicated by the widening of the QRS (asterisk) and the
appearance of a retrograde His potential (arrow). This clearly indicates that
retrograde conduction was proceeding over the AV node since conduction over
an anteroseptal AP would not be affected by the loss of His bundle capture. A,
atrial electrogram; CS, coronary sinus electrograms from proximal (3) to distal
(1), respectively; HB, His bundle electrograms from the distal (d) and proximal

(p) poles of the catheter; RA and RV, right atrial and ventricular electrograms,
respectively; V, ventricular electrogram.
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1-5 Tracing from patient described in the section “example A” (see text). H, His
bundle electrogram; RB, right bundle branch electrogram.
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1-6 Second tracing from patient described in the section “example A” (see text).
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1-7 ECG during tachycardia from patient in the section “example B” (see text).
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1-8 ECG during sinus rhythm from patient in the section “example B” (see text).
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1-9 Induction of tachycardia in patient from the section “example B.” The
arrow indicates retrograde activation of the His bundle. HV, His—ventricular
interval; 8,, last paced cycle of drive; S, and S, extrastimuli.
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1-10 Spontaneous termination of tachycardia in patient from the section
“example B”

ANALYSIS OF COMPLEX ELECTROPHY SIOLOGIC DATA

—_—

13



Table 1-4 Differential Diagnosis of Wide QRS Tachycardia

* SVT with aberrancy

* VT

* Preexcited tachycardia

* Consider artifact (pseudotachycardia)
* Consider ventricular pacing

Table 1-5 Differential Diagnosis of Narrow QRS Tachycardia

* Atrial tachycardia

* AV node reentry

* AV reentry

* Junctional tachycardia

* VT (fascicular tachycardia, “septal” VT can mimic SVT)

The Electrophysiology Study:
An Application of Hypothesis Testing

An orderly EP study is an exercise in establishing a differential diagno-
sis and systematically gathering evidence to arrive at the correct one.
Analysis of an unknown tracing is easier in the context of a real study
where one has the advantage of building on information and applying
interventions to assist the process. Nonetheless, the exercise of inter-
preting an unknown trace out of context is an effective learning tool.
Review of an unknown EP record is fundamentally the same as reading
an ECG with the advantage (and challenge) of the intracardiac record-
ings. An approach to this analysis is outlined in Table 1-12 and is illus-
trated in the following examples.

It is useful to “frame the problem” explicitly before detailed analy-
sis. For example, if one decides from the analysis of the tracing that
a tachycardia is present with no H recording when the His catheter is
appropriately positioned, there are only two possibilities to consider

B
as per Table 1-8. The tables presented provide “frames” that can be

used to organize the search for the correct mechanism. During a mul- 1-11  (A) Schematic representation of bundle branch reentry. (B) Intramyocardial
tiple choice examination, the “frame” is provided by the choices of the reentry with passive activation of bundle branches. See text.

examiner.
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1-12 Spontaneous change in QRS during tachycardia in the same patient.
VH, ventricular—His interval; cycle lengths in milliseconds.
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Table 1-6 Concentric Atrial Activation Sequence
During Tachycardia

* Narrow QRS complex
—Atrial tachycardia
—AV node reentry
—AV reentry
—Junctional tachycardia

* Wide QRS complex
—SVT with aberrancy
—Preexcited tachycardia
—VT

Table 1-9 Absent H or “Short”’ His—Ventricular (HV) Interval
During Tachycardia

* VT

 Preexcited tachycardia

* Inadequate His recording

Table 1-7 Eccentric Atrial Activation Sequence During
Tachycardia

* Narrow QRS complex
—Atrial tachycardia
—AV reentry

* Wide QRS complex
—Nonseptal AT with aberrancy
—Nonseptal AT with preexcitation
—Any tachycardia mechanism with retrograde activation of the
atria over a left- or right-sided accessory AV pathway

Table 1-10 Preexcited Tachycardia: Concentric Atrial Activation

* AP part of tachycardia circuit
—Antidromic reentry (including atriofascicular type)
—AP-to-AP reentry
—Nodoventricular or nodofascicular reentry

* AP not part of tachycardia circuit (“bystander” conduction)
—Atrial tachycardia
—AV node reentry

Table 1-11 Preexcited Tachycardia: Eccentric Atrial Activation

* AP part of tachycardia circuit
—AP-to-AP reentry

* AP not part of tachycardia circuit (“bystander” conduction)
—Right- or left-sided atrial tachycardia

Table 1-8 Regular Supraventricular Tachycardia with
A-V Dissociation

* Junctional tachycardia

* AV node reentry

* Reentry utilizing normal AV conduction anterogradely,
nodoventricular Mahaim pathway retrogradely

* AV reentry is not possible

Table 1-12 Approach to Unknown EP Tracing

* General overview

* Analyze the surface ECG

* Analyze the intracardiac records

* What is the A to V relationship?

* What is the atrial activation sequence’!

* What is the ventricular activation sequence as determined from
available sites?

* Is the His deflection visible and what is its relation to A and V? What
are the apparent HV and VA intervals?

» Formulate a hypothesis and see if it explains all the observations

16
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1-13 Spontaneous change in timing of His deflection without change in QRS or

cycle length in patient from the section “example B.”
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1-14 Entrainment of tachycardia in patient from the section “example B.” See text.
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Example A

The patient whose trace is shown in Fig. 1-5 is a young man with a
recent onset of paroxysmal tachycardia.

The surface leads show the onset of a regular wide QRS rhythm
with left bundle branch block (LBBB) pattern. The intracardiac records
indicate two tachycardias, clearly of different mechanisms because of
different rates, QRS morphology, and atrial-ventricular (A-V) rela-
tionship. The alternate hypothesis of one tachycardia mechanism with
different manifestations is untenable.

The initial part of the trace has more atrial (A) electrograms than
ventricular (V) electrograms with a variable A-V relationship and
an atrial CL of 250 milliseconds. This can realistically be only atrial
flutter.

The transition zone is marked by the arrow, the last flutter cycle.
This is followed by a normal QRS that heralds the onset of the sec-
ond tachycardia. The latter has LBBB morphology and an apparent
1:1 A-V relationship. It is not clear whether the atria are driving the
ventricles, whether the ventricles are driving the atria, or whether their
relationship is reciprocal.

Atrial activation on the available leads begins at the proximal coro-
nary sinus (CS) recording electrodes positioned near the orifice of the
CS. This sequence is not discriminating, being compatible with atrial
tachycardia, retrograde conduction over a “slow” AV node pathway,
and retrograde conduction over an AP (see Table 1-6). The normal
His—ventricular (HV) relationship argues against ventricular tachycar-
dia (VT) or preexcited tachycardia (see Table 1-8).

The differential diagnosis at this point includes atrial tachycardia,
AV reentry, and AV node reentry. AV reentry is favored over AV node
reentry because there is only modest AH prolongation at the onset and
the VA interval is too long for the most common type of AV node reen-
try. More compellingly, the apparent VA interval prolongs by 60 mil-
liseconds with the development of LBBB aberration after the first
tachycardia cycle, a situation only compatible with AV reentry utilizing
a left lateral AP as part of the circuit (i.e., the LBB is part of the circuit).

The remaining hypothesis of atrial tachycardia is not supported by
the mode of onset or the apparent VA intervals, but is not yet ruled out
entirely. It is important to remember that the first atrial complex of the
second tachycardia could have fortuitously started shortly after the last

ANALYSIS OF COMPLEX ELECTROPHY SIOLOGIC DATA

narrow QRS complex. Introduction of a relatively late-coupled PVC
into the cardiac cycle at the time of His bundle refractoriness (Fig. 1-6)
advances the next atrial cycle and terminates the tachycardia, verifying
the existence of an AP and, for all practical purposes, the diagnosis
of AV reentry. Advancement of the A (“reset”) with a relatively long
coupling interval of 380 milliseconds with tachycardia CL of 420 sug-
gests very easy “access” of the RV apical site to the tachycardia circuit,
which would normally not be the case with a left-sided AP. However,
with LBBB the right bundle branch is now in the circuit with ortho-
dromic AV reentry over a left lateral pathway as the retrograde limb
(see Fig. 1-3).

We do appreciate that the patient could theoretically have a con-
cealed AP near an atrial tachycardia focus, with the PVC preexciting
the atrium over the AP and terminating the atrial tachycardia. However,
one does not need to look for zebras in a herd of horses!

Example B

The patient is a 74-year-old man with a history of inferior and ante-
rior myocardial infarction (MI) and coronary artery bypass grafting.
He experiences the sudden onset of rapid heart beating while watch-
ing television, and the ECG recorded subsequently in the emergency
room is shown in Fig. 1-7. The arrhythmia stops spontaneously and
the ECG recorded in sinus rthythm shows LBBB (Fig. 1-8). Any wide
QRS tachycardia in such a patient is presumptively VT, and this is sup-
ported by the suggestion of AV dissociation in the rthythm strip (arrow
Fig. 1-7). However, the QRS during tachycardia is very similar, but
not identical, to the QRS in sinus rthythm. VT with a QRS similar to
the QRS during sinus rhythm may be seen with bundle branch reentry
or VT originating in the His bundle (yes, the His bundle is a ventricu-
lar structure). Alternatively, VT originating in the fascicular system or
adjacent myocardium could be expected to break out at the same site as
the sinus impulse in the presence of bundle branch block. Thus, the EP
study is begun with a differential diagnosis of bundle branch reentry or
fascicular VT high on the list.

At EP study, tachycardia is induced with two ventricular extra-
stimuli (Fig. 1-9) and terminates spontaneously (Fig. 1-10). AV dis-
sociation is now clearly evident and the QRS is again similar to that
in sinus rhythm 0. The tachycardia begins with prolongation of the
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retrograde His bundle (H) and the HV during tachycardia is similar
to that in sinus rhythm. This is most compatible with bundle branch
reentry as illustrated in Fig. 1-11A, although the alternative hypoth-
esis (Fig. 1-11B) is not disproved. The diagnosis is further supported
by the ventricular activation sequence that shows very early activa-
tion of the right ventricular apex (near the terminus of the right bundle
branch). Spontaneous termination with a retrograde H is compatible
with either hypothesis.

Is there enough evidence to proceed with ablation of the right bun-
dle branch? A further induction of tachycardia is pursued (Fig. 1-12)
and a spontaneous transition to another QRS morphology (arrow) is
observed. In spite of a clear change in the QRS (although still LBBB
morphology) and ventricular activation sequence (the RV apex is now
very late), the tachycardia rate and the H electrogram are unchanged!
Consider the two hypotheses in Fig. 1-11. The evident loss of antero-
grade right bundle activation (as assumed by the relatively late acti-
vation of the right ventricular apical electrogram) was not critical
to maintenance of tachycardia and the right bundle was clearly a
bystander. Further observation of the tachycardia (Fig. 1-13) illus-
trates another transition (arrow). The ventricular-His (VH) interval
shortens to a new steady state and again the tachycardia rate remains
unchanged, oblivious to activity in the H. It is now obvious that the
H and right bundle are passive bystanders and the tachycardia is best
explained by myocardial reentry with passive activation of the bundle
branches (Fig. 1-11B).

What if we were not fortunate enough to see the phenomena in
Figs. 1-12 and 1-13? Entraining VT by pacing the right ventricular
apex (Fig. 1-14) at a CL only 20 milliseconds shorter than the VT CL
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advances the retrograde H by 50 milliseconds or more, dynamically
dissociating the H from the tachycardia circuit.

Two other fundamental observations are important. First, careful
measurement will reveal that the VT CL is about 310 milliseconds
with minimal irregularity. The “PPI” at the RV apical pacing is approx-
imately 420 milliseconds. Since this electrode is near the RBB termi-
nus, one would expect the PPI in bundle branch reentry to approximate
the tachycardia CL. In this instance, the PPI is clearly “out” of the
circuit making bundle branch very unlikely. Entrainment is exceed-
ingly useful to diagnose or exclude bundle branch reentry when the
tachycardia is stable enough to permit it.

A final “subtle” observation: by careful measurement, you will find
a small prolongation of the CL of the tachycardia after the first two beats
after the cessation of entrainment pacing. You will find that the V to V
interval prolongs slightly and the subsequent H to H interval follows
it. That is, the ventricular muscle change precedes the H to H change
suggesting again that the His bundle is reacting passively to changes
in mechanism elsewhere. It is always useful to watch for oscillations
or “wobble” in the CL to decide who is leading and who is following!

The unknown tracings in the following chapters provide an oppor-
tunity to practice these principles. A question after each trace is
intended to focus attention on the intended point of interest, although
the tracings usually provide other lessons. Measuring calipers and a
clear right angle for vertical alignment are recommended. Finally,
there may well be alternative explanations for phenomena to the ones
suggested. Dr Charles Fisch once responded to a contrary student at an
ECG course by saying that his explanation was correct because it was
his slide. We can say it no better.
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Figure 2-1

Holter Recording

This recording was obtained in a 25-year-old woman with a history of
palpitations and dizziness. What is the mechanism of tachycardia(s)?
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Explanation:

This figure demonstrates the transition from a wide QRS complex
tachycardia to a narrow QRS complex tachycardia. The first question
is whether the patient has supraventricular tachycardia with aberrancy
or ventricular tachycardia with a transition to a supraventricular tachy-
cardia. Typically, one would not expect the tachycardia rate to increase
with the disappearance of aberrancy and careful measurement of the
wide QRS complex tachycardia shows that it has a longer cycle length
than the subsequent narrow QRS tachycardia. Does this mean that the
wide complex tachycardia is ventricular tachycardia and it somehow
induces a supraventricular tachycardia?

Evidence to support that this is a supraventricular tachycardia can
be found in careful analysis of the T wave just preceding the onset of the
arrhythmia. Note that this T wave shows a peaked contour compared
with the preceding T waves and this strongly suggests that a P wave
is inscribed on the T wave. This is most compatible with the onset of
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a supraventricular tachycardia. If the bundle branch system were used
in supraventricular tachycardia, one might indeed anticipate a shorter
cycle length with the disappearance of the bundle branch block. This
is characteristic of AV reentry (AVRT) utilizing an accessory pathway
for retrograde conduction. In such an instance, the cycle length will
prolong in approximately 85% of patients who have a bundle branch
block occurring on the side of the accessory pathway, in this instance
a left-sided accessory pathway with left bundle branch block (LBBB)
aberrancy. This is because of an increase in the circuit time reflected
in the ventriculoatrial interval due to transseptal conduction time from
the right to left ventricle in the presence of LBBB. The disappearance
of the LBBB will shorten the reentrant circuit by allowing the left side
of the heart to be activated sooner and thus shorten the tachycardia
cycle length.

This patient had a concealed left free wall accessory pathway that
was used in AVRT that was successfully ablated.

CHAPTER 2
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This 68-year-old woman is receiving propafenone to treat atrial fibril-
lation. She is otherwise well. She developed near syncope and this
electrocardiogram was obtained (Fig. 2-2A). What is the diagnosis?
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Figure 2-2B

Explanation:

The 12-lead electrocardiogram shows a regular tachycardia with
LBBB morphology and a cycle length of approximately 220 millisec-
onds. While not “classic” for a typical LBBB pattern, the QS complex
appears to be more typical than atypical for LBBB. Note the lack of a
Q wave in ECG leads 1 and aVL and a rather rapid downstroke of the
initial portion of the QRS in the early precordial leads. Figure 2-2B
demonstrates the mechanism of tachycardia. Because the patient was
stable in the emergency room setting, the treating physician admin-
istered intravenous verapamil with the assumption that this was a
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supraventricular tachycardia. As an aside, this should not be done, of
course, when VT remains in the differential diagnosis as it surely is
in this case. Regardless, the mechanism of tachycardia was revealed
when this was performed and the patient has atrial flutter shown well
in ECG leads 2, 3, and aVF. Note also that after block the slower
tachycardia has half the ventricular rate of the wide QRS tachycardia.
Agents such as propafenone and flecainide are well known to allow
the emergence of atrial flutter in patients with atrial fibrillation and
1:1 AV node conduction can occur if an AV node blocking agent is
not present. This can lead to a cardiac arrest, which fortunately did
not occur here.

CHAPTER 2
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Loop Event Recorder

A 48-year-old woman with a history of palpitations for several years
was prescribed a loop event recorder to correlate the ECG with her

symptoms. What is the mechanism of her tachycardia?
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Explanation:

In the ECG rhythm strip designated A, note sinus rhythm with a short
PR interval and a broad QRS complex consistent with ventricular pre-
excitation. The onset of tachycardia in B is shown in the lower rhythm
strip. Careful analysis of the ST segment of the second sinus complex
demonstrates a deformation that is most likely a P wave that results
in a narrow QRS complex and the onset of tachycardia. Note that
this premature atrial complex initiates tachycardia not only with loss
of preexcitation but also with a markedly prolonged PR interval of
approximately 360 milliseconds. This almost surely represents con-
duction over a slow AV nodal pathway. There is a P wave noted just at
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the end of the QRS complex during tachycardia. While this could be
AV reentry with retrograde conduction over an accessory pathway and
anterograde conduction over a slow AV nodal pathway, the V to retro-
grade P interval is very short (approximately 80—100 milliseconds) and
this would be “borderline” for retrograde conduction over an accessory
pathway. In this instance, the mechanism identified at EP study and
ablation was slow—fast AV node reentry. The accessory pathway was
not capable of retrograde conduction, and it was just by chance that
a PAC blocked anterograde conduction over the accessory pathway
while starting AV node reentry.
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Figure 2-4

Carotid sinus massage

me

You are consulted on a 69-year-old man who is in the early convales-
cent phase after aortic valve surgery. He is asymptomatic but the nurse
noted intermittent heart block and requested a consultation. What is the
most likely mechanism of heart block?
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Explanation:

This patient demonstrates sinus rhythm with RBBB QRS morphology
and a Mobitz 1 Wenckebach sequence on the left-hand side of the trac-
ing (Fig. 2-4). The PR interval does prolong slightly before the third
P wave in the sequence blocks. Carotid sinus massage was performed
on the right side of the rhythm strip, and the sinus cycle slows with
resumption of 1:1 AV conduction. These findings indicate block in the
His—Purkinje system and not in the AV node. The relatively short PR
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interval at the start of the Wenckebach sequence, a small PR interval
increase prior to the nonconducting P wave, and a relatively fast sinus
rate are consistent with His—Purkinje pathology and block. Slowing of
the rate with carotid massage allows resumption of 1:1 AV conduction,
contrary to what one would expect if block were in the AV node. This
patient underwent electrophysiology study where infra-Hisian block
was confirmed and a pacemaker was implanted.
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Figure 2-5
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A 55-year-old woman with a recent history of palpitations and near
syncope is admitted for observation. During continuous monitoring,
the following arrhythmia occurs (Fig. 2-5). What is the diagnosis?
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Explanation:

In the upper rhythm strip (A), note that there is an irregular narrow
QRS complex rhythm with P waves that are variable. The seventh QRS
complex demonstrates an intermediate QRS morphology compared
with the wide QRS complexes that are seen on the right-hand portion
of ECG strip A as well as the left-hand portion of the bottom strip
(B). The differential diagnosis is ventricular tachycardia, a preexcited
tachycardia, or supraventricular tachycardia with aberrancy.

Several features strongly suggest aberrancy. First, there is a rela-
tively long—short interval preceding the incomplete BBB of the sev-
enth QRS complex. This is followed by an even longer pause and a
short interval, now with a persistent wide QRS complex noted. The
cycle length is mostly regular with some slight variability. The RR
intervals of the wide complex tachycardia and the P—P intervals noted
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at the end of the rhythm strip in B are nearly identical. This suggests
SVT with aberrancy during 1:1 AV conduction.

Most compellingly, there is a relatively short interval between the
last BBB complex and the first narrow complex seen on the right-hand
side of strip B. This interval is approximately 280 milliseconds, and
it would be extremely unusual for a supraventricular complex to con-
duct so quickly after termination of ventricular tachycardia, because
ventricular tachycardia produces retrograde concealed conduction into
the AV node preventing subsequent rapid supraventricular conduction.
The seventh complex might be considered partially preexcited, sug-
gesting preexcited tachycardia, but the initial, not the latter, part of the
ECG complex should have reflected this. This patient did have supra-
ventricular tachycardia with aberrancy.
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Figure 2-6A

A 75-year-old man with a slow pulse is sent to you for consultation.
He is totally asymptomatic and his rhythm is recorded on a 12-lead
electrocardiogram in your office, shown here (Fig. 2-6A). What is the
diagnosis?

ELECTROPHYSIOLOGIC APPROACH TO THE ECG
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Figure 2-6B
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Explanation:

The ECG demonstrates sinus rhythm with apparent Mobitz 2 AV block
and is a little confusing due to the lead changes. Nonetheless, the con-
ducted QRS complexes have LBBB morphology with a PR interval
just at the upper limit of normal. The site of block can be reasoned by
“simply doing the math.” Conduction from the sinus node to the ven-
tricle involves the PA interval, which is the time from the sinus node to
the AV nodal area, the AH interval, and the HV interval. If we estimate
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a PA interval of approximately 40 milliseconds and an HV interval of
50 milliseconds, that would leave approximately 100 milliseconds for
AV node conduction. It would be rare for normal conduction through
the AV node to be associated with block. Thus, the most likely site
of block is within the His—Purkinje system. As shown in Fig. 2-6B,
infra-His block was present at electrophysiologic study and the patient
received a pacemaker.
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Figure 2-7

Vomiting

PEED=25 MM/SEC =~ ISP 77 S702-99% TIBP=11:40 1627 96(116) mmHg

A 52-year-old man had repeated episodes of dizziness and near syn-
cope during vomiting 2 days after orthopedic surgery. The rhythm strip
shown was recorded during one such episode (Fig. 2—7). What is the
most likely cause of heart block?
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Explanation:

This is a very exaggerated example of a much more common problem,
that is, heart block due to increased vagal tone. The first clue comes
from the history where vomiting would be expected to be associated
with high vagal tone. The second clue can be seen by examining
the PP intervals in the upper strip. Note an initial prolongation of
the P-P interval associated with AV block. Slowing of the sinus rate
coincident with heart block requires a mechanism simultaneously
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affecting both the sinus node and the AV node, both relatively far
(centimeters) apart. Heightened vagal tone best explains this situ-
ation and, while the degree of PP interval increase may be slight
versus the many nonconducted P waves, the mechanism remains
the same. The patient was receiving medications after surgery that
caused a significant amount of gastrointestinal upset and vomiting
and the treatment was to stop his medications, after which both vom-
iting and AV block stopped.
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Figure 2-8A
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year-old man presenting

The electrocardiogram is recorded in a 64

with palpitations.

What is the interpretation?
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Figure 2-8B

Explanation:

The heart rate is approximately 120/min. The QRS is relatively narrow
with QRS width of 100 milliseconds. Nonetheless, AV dissociation is
evident in many leads. The P wave vector is high to low, compatible
with sinus rhythm.

The differential diagnosis of tachycardia with AV dissociation is
relatively narrow (Tables 1—4 and 1-7).

Cycles 6, 12, and 18 are preceded by a P wave followed by a nar-
rower QRS. Careful examination also shows “intermediate” QRS mor-
phologies, for example, the first cycle shown. Thus, cycles 6, 12, and
18 (asterisks) are most compatible with capture beats and the first two
cycles with fusion beats (F).
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This is clearly VT in spite of the relatively narrow QRS during the
tachycardia. The tachycardia is relatively slow and virtually the same
rate as sinus; hence, it is “isorhythmic” with the sinus rate.

Also note that the capture beat advances or “resets” the ventricular
tachycardia. The R-R interval after the capture beat virtually equals
the tachycardia cycle length. One can conclude that the sinus beat has
very good access or proximity to the VT mechanism (focal or reen-
trant). This could be the case if VT were arising from the specialized
conduction system.
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Figure 2-9A

What conclusions can be drawn regarding mechanism of tachycardia
as recorded in this 12-lead electrocardiogram?
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Figure 2-9B

T S 3
ieemmm LR rrensssass SO, N —— LS
' ] " ' .
i ' " * " . "
] " " . "
H s - ¥ § * " & & . &
" ] I . .
' . L} L .
' . (’ ] ' .
L P S > .
L) . 1] ]
------ L LR T o Y -
' ] ] " .
L} e . . - L} L]
. " " " .
H . H F - s * B &+ 4 = =
. L) . L)
] - . L) - .
] L L] .
' - L] . .
' L) L . .
- m—pmm- ssspsssssssssre. -
' . ] .
] . "
L} L .
H MEEE Y |
] . .
L] L L]
] 13 ]
i .
. 1 L3
poffhssvsnsprunan
"

i
.
-
.
(]
.
.
.
.
.
L]
Ld

Arsssmn g

sessssssspe epessssanss

sesmrem-

'.-'-'-..‘----'1---

asnss
-
.
.
.
.

...........

..............

-------- P

aaw

.......

L
]
I
"
"
"
’
"
L)
e R

e

ssmmw

Explanation:

The following provides an exercise in interpreting the ECG as an elec-
trophysiologist rather than a “pattern” reader. The tracing shows a
regular supraventricular tachycardia with frequent PVCs, most of right
bundle branch block morphology.

There is a P wave in the early ST segment with a low to high activa-
tion sequence as seen in inferior leads. This is compatible with atrial
tachycardia with long PR, AV reentry over an accessory pathway, or
AV node reentry.

Attention can be drawn to the spontaneous PVCs that can serve
just as PVCs programmed into the cardiac cycle during EP study. With
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careful measurement of this very regular tachycardia, there appears
to be a subtle reset of the QRS following the PVC that suggests that
we are dealing with AVRT. Although we cannot be sure of ventricular
fusion and obviously cannot see the His deflection, reset would not be
expected in the case of AVNRT or AT with a relatively late-coupled
PVC as we have here. The expert ECG reader would have also detected
the negative P wave in lead I, which reflects initial left atrial activation,
which can be seen in either AVRT or a left-sided AT.

This was, in fact, AV reentry over a posterolateral accessory
pathway.
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Figure 2-10A
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This tracing was recorded from a 74-year-old woman being investi-
gated for chest pain and undocumented palpitations.
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Figure 2-10B

Explanation:

It is useful in a complex tracing to divide it into units choosing a sec-
tion where one can make sufficient observations to start the analysis
meaningfully. In this example, one can identify three areas correspond-
ing to two tachycardias and a transition zone between the two.

The tracing begins with a regular wide QRS tachycardia. This can
only be one of VT, SVT with aberration, preexcited tachycardia, paced
rhythm, or artifact. It is obviously not artifact or paced in this case.
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Preexcitation is unlikely if previously not diagnosed in this 74-year-
old individual and the sinus rhythm at the end of the trace is obviously
not preexcited, so this possibility can be reasonably discounted at this
time. P waves are not apparent during this tachycardia. The QRS mor-
phology here is very helpful. The sinus cycles have a relatively normal-
looking narrow QRS and one would thus expect aberration (which is
essentially functional bundle branch block) to resemble a fairly typical
right bundle branch block or LBBB pattern. In this case, the QRS mor-
phology is very atypical for any bundle branch block pattern with low
to high frontal plane and a “northwest” axis making a diagnosis of VT
most probable. There is a hint of AV dissociation (see second cycle in
V1) but it is difficult to be dogmatic about this.

VT ends with a P wave with low to high activation sequence and
several beats of normal QRS tachycardia that is safe to call SVT. This
is the transition zone. If one assumes that the VT induces the new
tachycardia in this way, one has induction of the SVT from the ventri-
cle that is most suggestive of a junctional reentrant tachycardia, either
AVRT or AVNRT. A de novo atrial tachycardia starting like this can-
not be completely rejected but would be most unusual.

The end of the tracing shows a supraventricular tachycardia with
a 1:1 AV relationship. The P wave vector is “low to high” and com-
patible with a septal pattern of atrial activation. The SVT ends with
a P wave, making atrial tachycardia now even more unlikely since
one would have to postulate AV block occurring at the same instant
as tachycardia termination. In addition, there is cycle length variabil-
ity (“wobble”) with change in both the PR and the RP interval. The
change in V-to-V interval precedes the change in P-to-P interval, now
making atrial tachycardia as a mechanism untenable. In the experience
of the authors, alternation in both PR and RP intervals is almost uni-
versally seen in AVN reentry.

Having looked at all three “segments” of this tracing, one can con-
clude that VT stops spontaneously; the last VT beat conducts retro-
gradely over the AV node over a “slow” pathway and this initiates a
short run of nonsustained AVNRT.
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Figure 2-11A

The reading cardiologist’s interpretation for this tracing was “supra-
ventricular tachycardia at 142 beats/min.” How would the electrophys-
iologist interpret it?
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Figure 2-11B
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Explanation:

The electrophysiologist would be more explicit about the AV relation-
ship and how it supports a mechanism. There is a terminal distortion of
the QRS evident in many leads that has been termed in V1 a “pseudo
R prime.” This is evident especially when sinus rhythm (right panel)
is compared with the tachycardia on the left. The r-prime amplitude is
typically small as noted here.

The PVCs provide an opportunity. First, these “open up” the PR
segment and it is evident that there is no atrial activity at least within
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200 milliseconds of the onset of the QRS complex. Second, there is
a full and exact compensatory pause after the PVC so that there are
two exact cycles between the two complexes sandwiching the PVC.
That is, there is no reset. This favors AVNRT where one would not
expect reset since the circuit is relatively small and distant from the
PVC source (see Fig. 1-3). The evidence here would justify an inter-
pretation of “probable AVNRT.”
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Figure 2-12A

.

ECG from a young man with virtually incessant tachycardia. The
observation was reproducible. Can the mechanism of arrhythmia be
inferred from this rhythm strip?

ELECTROPHYSIOLOGIC APPROACH TO THE ECG
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Figure 2-12B

Explanation:

A narrow QRS tachycardia with a 1:1 AV relationship is evident on
the left of the tracing. The P wave in lead 2 (P) is negative, indicating
a “low to high” atrial activation sequence. If we accept the QRS as
normal, this can be atrial tachycardia, AV reentry, or AVN reentry, the
latter two obviously associated with a long retrograde conduction time.

A PVC interrupts the tachycardia and the following beat has an
upright P wave (S) compatible with sinus rhythm before tachycardia
resumes.

The PVC is late coupled and interrupts the inverted P wave that
has already started resulting in merging of the inverted P wave and
the PVC. The PVC interrupts the tachycardia without conduction to
the atrium, making atrial tachycardia untenable. This PVC is very late
coupled but nonetheless is able to penetrate the circuit, thus making
AVNRT untenable. AVRT utilizing an accessory pathway with a long
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VA time could provide good access of the PVC if the PVC were rela-
tively close to the pathway that in this case was an RV PVC with a
septal accessory pathway.

Additionally, if one estimates where the His bundle deflection
would be on an intracardiac tracing and measures carefully, this PVC
would surely find the His refractory and one could then look at it as
a “His refractory” PVC that terminates the tachycardia, which would
obviously unequivocally prove both presence and participation of an
accessory pathway in the circuit.

It is reasonable to mention for completeness that the tracing would
also be compatible with the rare possibility of a nodoventricular path-
way as the retrograde limb of the circuit.

Figure 1-3 and the discussion pertaining to it are relevant to this
example.
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Figure 2-13A

The patient has a history of sustained tachycardia and a brief run is
recorded. What would be the “prime suspect” at electrophysiologic
assessment?

ELECTROPHYSIOLOGIC APPROACH TO THE ECG
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Figure 2-13B
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Explanation:

P waves are clearly visible in this self-terminating episode. The
P wave vector is low to high. Careful measurement is needed in
addition to observation. There is slight irregularity and the change
in V-to-V interval precedes a change in the subsequent A-to-A inter-
val. The subsequent V-to-V interval is even shorter and there is no
subsequent P wave. This is not compatible with atrial tachycardia
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(i.e., change in VV precedes change in AA) and is most compat-
ible with AVNRT with prolongation of retrograde conduction time
and then block as a result of further shortening of anterograde AV
conduction time, that is, PR shortening resulting in RP prolongation
and then retrograde block. The final diagnosis after EP study was
AVNRT.
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Figure 2-14A
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The patient is an elderly gentleman seen in the emergency department
for assessment of light-headed spells. A consultation request was made
for consideration of temporary pacing.
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Figure 2-14B
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Explanation:

The rhythm strip starts with sinus rhythm that slows and a junctional
escape emerges. An atrial rhythm resumes but two P waves are not
conducted to the ventricles before sinus rhythm and AV conduction
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resume. The more graded onset and termination along with the coex-
istence of AV block are strongly suggested of a vagal response due
to some unknown provocation and pacing alone does generally not
help this.
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Chapter 3

Fundamentals of Clinical
Electrophysiology
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Figure 3-1A
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A 30-year-old man with a history of PSVT undergoes electrophysi-

ologic study. During ventricular pacing several electrophysiologic
phenomena occur. How many can you name?
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Figure 3-1B
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Explanation:

First of all, note that during ventricular pacing there is ventriculoatrial
(VA) block. The fourth pacing stimulus does not capture the ventri-
cle because it occurs during ventricular refractoriness that is present
shortly after activation from the sinus complex. The third and fifth
QRS complexes conduct from the sinus origin to the ventricle. The
first sinus complex occurs very soon after the ventricular paced beat
and does not conduct through the atrioventricular (AV) node as noted
by absence of a His bundle electrogram. Thus, there is concealed
conduction into the AV node.
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The fifth QRS complex is a result of conduction from the atrium
over an AV accessory pathway. It is able to conduct because the
time from the previous ventricular paced beat to the sinus complex,
510 milliseconds, is sufficient to allow conduction over the accessory
pathway. Since this pathway is not noted on the first sinus complex,
either there is also concealed conduction into the accessory pathway
preventing AV conduction over the accessory pathway or the ventricle
1s simply refractory since it comes too early after the initial paced beat.

The third QRS complex is not normal but it does not show conduc-
tion over the AV accessory pathway. The paced V to the subsequent
atrial interval is 300 milliseconds, and there is substantial prolongation
of the AH interval suggesting concealed conduction into the AV node
but not to the degree that it causes anterograde block. The HV interval
is very short. No matter what the AH interval was in this patient, when-
ever the AV accessory pathway was blocked there would be a similar
short HV interval. This represents conduction over a fasciculoventric-
ular (Mahaim) pathway. Clearly there is concealed conduction into the
AV accessory pathway here because the sinus complex can conduct to
the ventricle over the normal system as well as the fasciculoventricular
pathway. With the longer paced V to A interval of 510 milliseconds,
there is now manifest conduction over the AV accessory pathway with
a shorter AH interval, but the His is within the QRS complex, charac-
teristic of this type of accessory pathway.

In summary, the electrophysiologic observations in this tracing
include concealed conduction into both the accessory AV pathway and
the AV node, manifest preexcitation over an AV accessory pathway,
and manifest preexcitation over a fasciculoventricular pathway.
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Figure 3-2A
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At electrophysiologic study, atrial pacing at 400 milliseconds
produced the following observation in a 36-year-old woman with
history of wide QRS complex tachycardia. Explain the observations.
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Figure 3-2B
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Explanation:

The baseline QRS complex noted on the right side of the figure is nor-
mal. The wide QRS on the left side of the figure can only realistically
be preexcited or left bundle branch block (LBBB). During incremen-
tal atrial pacing a rate-dependent LBBB occurred and the patient also
demonstrated a markedly long AH interval. Thus, the paced ventricular
responses are essentially “one complex off,” that is, they are conduct-
ing to the subsequent LBBB QRS complex (arrow). The fourth paced
atrial complex blocks in the AV node and the next atrial paced com-
plex conducts with a narrow QRS complex and subsequent 2:1 block
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in the AV node. The LBBB is no longer present because the 2:1 AV
block results in an H-H cycle length, 714 and 741 milliseconds, which
is outside of the refractory period of the LBB.

During the LBBB complexes, the His potential occurs at nearly
the same time as the pacing stimulus artifact, totally obscuring the His
on the first beat, but a close look at the subsequent complexes reveals
a His potential well in front of the LBB QRS (H) ruling out preexci-
tation. Of note, the patient actually had tachycardia secondary to an
epicardial ventricular tachycardia site in the posterior area of the heart
but otherwise had normal cardiac function.
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Figure 3-3A
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The preexcitation syndrome involves a variety of accessory pathways.

What is the type of accessory pathway noted in the first QRS complex
in this tracing?

FUNDAMENTALS OF CLINICAL ELECTROPHYSIOLOGY
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Figure 3-3B

Explanation:

The first QRS complex has the classic preexcited pattern with a short
PR interval followed by a delta wave noted most prominently here in
ECG lead II. This has sometimes been referred to as an “Eiffel Tower”
appearance. The location of this AV accessory pathway was in the
atrial septum very close to the normal AV conduction system. The
second QRS complex was secondary to a catheter-induced junctional
beat. The His electrogram is readily seen in this cycle, suggesting that
it is “buried” in the preceding preexcited QRS complex even if not
seen.

The most common type of accessory pathway is an AV muscle
connection, seen here, that originates at the base of the atrium and
conducts into the base of the ventricle. This is confirmed when a His
extrasystole conducts to the ventricle without preexcitation, clearly
demonstrating that the accessory pathway originates above the level of
the His bundle. “True” Mahaim fibers as described by Mahaim origi-
nate in either the AV node or the His—Purkinje system (HPS), namely,
nodoventricular/fascicular or fasciculoventricular pathways, respec-
tively. (The descriptor “Mahaim” has been applied to many atypical
pathways that exhibit “rate-dependent” or “decremental” conduction
for historical reasons, namely, that all such pathways were thought
to involve the AV node as per the pathway described by Mahaim. We
believe it is more precise to name the pathways by their origin and
insertion sites to be clear since decremental pathways may really be
anywhere on the AV ring and the great majority of those (often atrio-
fascicular) seen clinically have nothing to do with the AV junctional
connections described by Mahaim.) While one cannot totally rule out
a nodoventricular accessory pathway in this instance, they are rare
and would not be expected to have such prominent preexcitation with
such a short PR interval.
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Figure 3-4A
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A 24-year-old woman underwent electrophysiologic study for recur-
rent PSVT. The tracing was obtained during programmed ventricular
stimulation. What can be concluded about retrograde conduction?

FUNDAMENTALS OF CLINICAL ELECTROPHYSIOLOGY
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Figure 3-4B
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Explanation:

During ventricular pacing, retrograde atrial activation sequence is
slightly eccentric with the mid-coronary sinus (MCS) electrogram
occurring somewhat earlier than the His bundle atrial electrogram
(HBE). On the last beat of the drive train (S,), the HA interval mea-
sured on the HBE tracing is 82 milliseconds. This observation alone
cannot differentiate conduction over an accessory pathway or both an
accessory pathway and the AV node. However, the premature ventricu-
lar stimulus (S,) causes a sudden prolongation of the VH interval with
a concomitant shortening of the HA interval to 24 milliseconds. The
sudden lengthening of the VH interval likely results from retrograde
block in the RBB with subsequent transseptal ventricular conduction
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and then conduction to the His bundle over the LBB. Note that the
general retrograde atrial activation sequence remains much the same.

A sudden shortening of the HA interval does not occur with retro-
grade conduction over the normal AV conduction system. There would
be a similar or slightly longer HA interval. It is also noted that atrial
activation after S, as measured at the MCS electrograms now precedes
the retrograde His, clearly untenable with retrograde AV node conduc-
tion. This observation clearly shows that the HBE atrial electrogram
is activated over the accessory pathway and not over the AV node. Of
note, this does not mean that conduction over the AV node could not
occur at another time during the study, only that it could not be dem-
onstrated in this tracing.
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Figure 3-5A
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A 25-year-old man with a 2-year history of palpitations and documented maneuver at electrophysiologic study. The ablation catheter, ABL, is
PSVT comes for electrophysiologic study. The 12-lead electrocardio- positioned in the atrial septum, near the His bundle catheter. Does this
gram is normal. The following observation was noted during a pacing indicate the presence of an accessory pathway?
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Figure 3-5B
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Explanation:

This maneuver is known as para-Hisian pacing. The distal His bundle
electrode (HBED) was positioned near the His bundle recording and
the pacing energy was incrementally increased to get initial capture
only of the ventricle (first two QRS complexes) and subsequently cap-
ture of the ventricle and the His bundle (second two, more narrow QRS
complexes). Note that the stimulus to atrial electrogram on the abla-
tion catheter (ABL) positioned in the septum is 120 milliseconds with-
out His capture and 94 milliseconds with His capture. This response
is characteristic of VA conduction over the AV node and not over
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a septal accessory pathway. A septal accessory pathway connecting
the A and V near this site would typically show a similar VA inter-
val with or without capture of the His bundle during this maneuver.
Importantly, while this observation suggests retrograde conduction
over the AV node, it does not rule out conduction over an accessory
pathway with a long conduction time in which the VA interval might
be longer than that noted over the AV node or a nonseptal accessory
pathway located farther from the pacing site. This patient did have AV
node reentry that was successfully ablated.
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This patient presented with a narrow QRS tachycardia and the study
began with atrial extrastimulus testing. What will be the likely ablation
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Figure 3-6B
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Explanation:

The atrial extrastimulus results in an echo cycle but the resulting atrial
activation is complex with “double” atrial potentials after the QRS. In
the distal coronary sinus, there is a large “near-field” atrial electrogram
followed by a barely visible “far-field” electrogram. In the adjacent
electrode CS 3—4, the first atrial electrogram is far-field (single aster-
isk) and the second is near-field (double asterisk), as it is for the sub-
sequent two electrode pairs. At the proximal CS (CS 9-10), there is a
single electrogram that is relatively early.

It must be remembered that the coronary sinus is often known
as the “third” atrial chamber and generally has a muscular coat that
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is capable of conducting cardiac impulses. This coat is most promi-
nent proximally, although it can extend quite far into the left lateral
region. The CS catheter is closer to the CS muscle than the adjacent
left atrium so that its potential would generally be expected to be near-
field, whereas the LA potential is generally farther and more far-field.
This varies somewhat in individuals.

With this background, one can postulate that the atrial extrastimu-
lus conducts to the ventricle and echoes back to the atrium over a left
lateral accessory pathway. Conduction then propagates from this left
lateral region via the left atrium (not the CS musculature) proximally
(first faint line) and then proceeds distally again via the CS muscula-
ture (second faint line). There is no apparent communication between
the CS muscle and the LA in this individual until the proximal CS
region where the two atrial components merge.

The “dual” conduction is hinted at but not readily apparent in sinus
rhythm, presumably since conduction is proceeding over pathways
providing a fused complex representing both atrial and CS muscle.

It is conceivable that the first of the two atrial components rep-
resents an accessory pathway potential but this would then necessi-
tate an extremely long accessory pathway, a little far-fetched. Further,
AP potentials generally have a more near-field or “rapid activation”
appearance.

The coronary sinus muscle conduction was considered a bystander
in this example and ablation was targeted to the LA endocardium
adjacent to CS 1-2, which abolished accessory pathway conduction.
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Figure 3-7A
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The following was observed during para-Hisian pacing in a patient
with supraventricular tachycardia. What can be concluded about retro-
grade conduction as current strength is diminished with this maneuver?
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Figure 3-7B

Explanation:

The “checklist” for assessing para-Hisian pacing includes assessing
the following:

1. Measure the stimulus to A interval, best at a septal site or
orifice of coronary sinus region. A short S—A interval at this site
(certainly less than 50 milliseconds) should arouse suspicion of
inadvertent atrial capture.

2. Measure the stimulus to V interval at the His bundle electrode
(HB) site of pacing. Evidence of capture and effective pacing
of the para-Hisian muscle here is indicated by very short S to V
interval, in range of 20 milliseconds or less.

3. Measure the stimulus to V interval at the RV apical electrogram,
which is generally relatively close to the RBB terminus. This
should be relatively shorter with His capture than with only RV
para-Hisian muscle capture since the latter has to proceed from
the base of the heart to the apex via muscle.
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Individual cycles have been labeled 1-4 for clarity of explanation.
Cycle 1 by the above criteria shows His and local muscle capture and
no direct atrial capture. His capture is also signaled by the relatively
narrow QRS. Cycle 2 shows a lengthening of the S—V at the His pac-
ing catheter indicating loss of para-Hisian muscle capture. Pure His
capture is indicated by normal QRS morphology and no change in the
S—V at the RV apical electrogram. The S—V is about the same as the
HYV interval in sinus rhythm. Further, the similar S—A interval with
pure His capture and His plus direct local muscle capture would be
expected with retrograde conduction over the normal AV conduction
system. The only change from cycle 2 to 3 is shortening of the S—A
interval at the proximal coronary sinus. This signals direct local atrial
capture in addition to His capture seen in cycle 2. In cycle 4, the S—A at
the proximal coronary sinus again indicates atrial capture but here the
S to V becomes later at all sites and this indicates atrial capture only.

The answer to the original question posed is that this was not help-
ful in assessing retrograde conduction since His pacing was never lost
in the presence of para-Hisian muscle capture.
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Figure 3-8A
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A narrow QRS tachycardia is induced with a ventricular extrastimulus.
What is the mechanism of the tachycardia and how does one explain
the induction?
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Figure 3-8B
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Explanation:

The tachycardia has a normal QRS with normal HV interval and an
eccentric atrial activation sequence with earliest atrial activation at the
distal coronary sinus. This can only be atrial tachycardia or AVRT
over a left lateral accessory pathway. The mode of onset, initiated by a
ventricular extrastimulus with the VA interval following the first cycle
being the same as subsequent cycles, leaves little doubt that it is AV
reentry. This is so even though there is some variability in the initial
AH interval. Further, the initiation is with a VAV sequence, character-
istic of either AVNRT or AVRT.

The mode of onset is nonetheless a little unusual. The atrial activa-
tion sequence (highlighted by the faint lines) is different for each of the
ventricular drive cycle, ventricular extrastimulus, and the tachycardia.
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During tachycardia, it is clearly eccentric with the distal coronary
sinus activating first. The ventricular extrastimulus is clearly “central”
with activation first at the HB electrogram. The ventricular drive is
very similar but shows activation relatively earlier at the distal coro-
nary sinus. This is most compatible with retrograde fusion over the AV
node and the accessory pathway. The ventricular extrastimulus blocks
in the accessory pathway and proceeds retrogradely over the AV node
with a longer VA interval. A rapid deflection appearing in the middle
of the QRS at the His site (arrow) may well be a retrograde His deflec-
tion, although it is difficult to be sure. Conduction proceeds to “echo”
back to the ventricle via a slow AV node pathway (AH = 270 millisec-
onds) to start AVRT. AVNRT was observed as a separate arrhythmia
at other times in the study.
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Figure 3-9A

W1 ]

wrap N~ — 1 w——«,n,———v—»————'[r——‘ jV

.
-

A few extra cycles are observed after a ventricular extrastimulus. What
can be inferred from this?
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Figure 3-9B
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Explanation:

This is an exercise in extracting data from whatever information is
available, that is, a “minimalist” approach. The ECG leads suggest that
the pacing site is the RV outflow region since lead 1 is negative and V,
has LBBB pattern.

One can consider the two cycles as a nonsustained rhythm. The first
cycle may be an echo with LBBB following the A after the ventricular
extrastimulus or possibly a repetitive ventricular response (RVR) due
to bundle branch reentry. Regardless, the QRS is LBBB type and the
very early V in the RV apical electrogram supports this.

The VA interval for this LBBB cycle is 230 milliseconds. The
next cycle has right bundle branch block (RBBB) morphology and
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a VA of 155 milliseconds. This is most compatible with a left lat-
eral accessory pathway since the return cycle to the atrium is much
longer (230 milliseconds vs. 155 milliseconds) with the LBBB than
with the RBBB cycle.

A prolongation of VA by >30 milliseconds with change to LBBB
from normal QRS or RBBB QRS during tachycardia is most compat-
ible with retrograde conduction over a left lateral accessory pathway.

One might also note that termination with an atrial electrogram
would not be expected with atrial tachycardia and suggests that antero-
grade conduction to the ventricle after the atrial cycle is necessary to
complete a tachycardia circuit in this individual.
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Figure 3-10A
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A ventricular extrastimulus V, after a drive conducts over a left lateral
accessory pathway and two additional cycles are observed, all con-
ducting over the accessory pathway. What is the mechanism of the
nonstimulated cycles?
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Figure 3-10B
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Explanation:

The first cycle has LBBB morphology and the second has RBBB mor-
phology and terminates after a retrograde A. This can be thought of as
AVRT that terminates spontaneously. The last event is an anterograde
His, very similar to the anterograde His in the sinus cycle at the end of
the tracing.

Termination with a His suggests that the His and bundle branch are
critical to this short “tachycardia” since block below the His stops it.

The point of interest is indicated by the “local” VA intervals noted
at CS 1-2. This is the site of the accessory pathway and corresponds to
the site of successful ablation. The “local” VA interval is the interval
between the rapid ventricular activation and the rapid atrial activation
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at the site of the accessory pathway. At the AP site, this represents the
conduction time over the AP. The local VA time in this case length-
ens with LBBB, that is, 25-50 milliseconds. This is best explained by
“slanting” of the accessory pathway (i.e., the atrial and ventricular ends
are not exactly concordant at the AV ring). If the accessory pathway
went directly from ventricle to atrium at the AP site, one would not
expect the “local” VA interval to change with a change in ventricular
activation sequence (i.e., a change in the direction from which ven-
tricular depolarization reaches the accessory pathway).

The “local” VA interval is to be distinguished from the (global)
VA interval that is from the “onset of ventricular depolarization to the
rapid atrial deflection at a designated site.”
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Figure 3-11A
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A series of interpolated PVCs was introduced in this patient during
sinus rhythm. What is the effect of the PVC on conduction of the sub-
sequent sinus complex? What is this called? Why is conduction of the
sinus complex after the PVC different in the upper and lower panels?
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Figure 3-11B
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Explanation:

The electrophysiologic phenomenon exhibited is concealed conduc-
tion. Concealed conduction occurs because the PVC conducts retro-
gradely into the AV node but not to the atrium, and conduction into the
AV node is not visible (concealed). The result is prolongation of AV
nodal refractoriness. The sinus complex after the PVC has an increase
of the AH interval from 100 to 105 milliseconds (upper panel). This
increase in AH interval would likely be missed during analysis of the
surface electrocardiogram performed at 25 mm/s paper speed. It is,
however, demonstrated during intracardiac measurements performed
at faster paper speeds. Conduction of the PVC into the AV node is con-
firmed because of the subsequent prolongation of AV node conduction.

The effects of concealed conduction are more prominent in the
lower panel. Note that the AH interval after the PVC is 140 mil-
liseconds compared with 105 milliseconds in the upper panel. The
longer AH interval occurs because the PVC is introduced later in
diastole and consequently closer to the next sinus complex. There is
less recovery of AV nodal excitability as a consequence. Note that
the V_A” in the upper panel is 620 milliseconds but only 390 millisec-
onds in the lower panel. This demonstrates the well-known inverse
relationship of the effect of PVCs on PR and RP intervals as identi-
fied in the electrocardiogram. In other words, as a PVC occurs closer
to the next sinus P wave (short RP), there is a more marked effect on
subsequent PR prolongation or even block. This relationship is iden-
tified in Fig. 3-11C. As V A’ shortens, A’ H’ progressively length-
ens until block of the subsequent sinus complex occurs.
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Figure 3-11C
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Figure 3—-12A
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This patient with a history of tachycardia had a PVC introduced
during atrial pacing at CL 630 milliseconds. What EP phenomenon
occurs after the PVC? What is the most likely cause of this patient’s
tachycardia?
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Figure 3-12B
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Explanation:

During atrial pacing the ECG leads demonstrate a relatively short PR
interval with a wide QRS complex. Analysis of the His bundle elec-
trogram reveals continuous electrical activity with the atrial and ven-
tricular electrograms appearing to merge into one another. No clearly
defined His deflection is seen. These two observations strongly imply
the wide QRS complex is due to ventricular preexcitation with con-
duction over an AP. The fact that there is almost continuous electri-
cal activity identified on the His bundle electrogram suggests, but
does not prove, the AP is in the vicinity of the His bundle recording
site. Statistically, the most likely tachycardia would be AV reentry,
although patients with ventricular preexcitation are not immune to
other forms of tachyarrhythmias.

78

The subsequent paced atrial complex after the PVC (S,) does not
conduct to the ventricle. Thus, retrograde concealed conduction has
occurred not only into the normal VA conduction system but also into
the AP. Otherwise, one would have expected the atrial paced complex
to conduct over the AP, which does not occur. A much less likely
but alternative explanation for lack of AP conduction is refractoriness
of the ventricle after the PVC. We think this is extremely unlikely
since the anticipated ventricular activation over the AP would have
occurred more than 300 milliseconds after the PVC was introduced.
There should be more than sufficient time for ventricular repolariza-
tion to have occurred, and the ventricle should be excitable if the AP
is capable of conduction.
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Figure 3-13A
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Retrograde Wenckebach block occurs during ventricular pacing at
440-milliseconds CL. What is the likely mechanism for block?
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Figure 3-13B
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Explanation:

Apparent Wenckebach VA block occurs because of reentry in the AV
node. Analysis of the surface electrocardiogram reveals a shortened
QRS duration following A, (arrow). This ventricular fusion occurs
because a portion of the ventricle is activated by an electrical wave
front differing from that produced during pacing alone. The third
paced ventricular complex is also associated with VA block. A, has a
different intracardiac activation sequence from A, and A , and the high
right atrial electrogram precedes the septal atrial electrogram noted in
the His bundle lead. This may be a premature atrial complex or less
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likely sinus capture. Analysis of A, and A, reveals the AV nodal echo
complex. Note the marked increase in VA conduction time for A, with
a retrograde P wave (arrow) in ECG lead III. Pacing was terminated
and the echo became manifest as the ventricle was activated with a
narrow QRS complex. Anterograde conduction of this echo complex
precludes retrograde conduction over the AV node and therefore block
occurs. The fusion complex noted by the arrow in ECG lead V, can
be explained by ventricular activation over the normal AV node/HPS
and the ventricular paced complex. Note that A -QRS and A,-QRS
conduction times are very similar.
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Figure 3—-14A
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Figures 3-14A and 3-14B were recorded during an EP study of a
patient with syncope. What EP phenomenon is present? Does this
patient need a pacemaker?
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Figure 3—14B

lllllllllllllllllll'l”l]lfll'lllllllllIlllll”lllrlll'lllllllll'lllllllllllilllllllllllllllll'lllllllllll
2000

0] 1000
1§ | ISR P, A Y G S
Viww/\/v - WM/R/“

V6 /\r

BOO MS 330
MRl I\ \
51 S1] 52|

LY S ) S

CHAPTER 3



Figure 3-14C
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Figure 3—14D
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Explanation:

The electrophysiologic phenomenon is conduction GAP. Fig-
ure 3—14C demonstrates block below the His bundle recording site of
a premature atrial complex of 390 milliseconds. A narrow QRS com-
plex occurs during atrial paced CL 800 milliseconds. The H H, interval
with block is 420 milliseconds, which is probably within normal limits
at this heart rate. This patient has excellent AV nodal conduction and
therefore a relatively short H H, interval could be achieved. This is not
an abnormal finding and is certainly not an indication for a pacemaker.

In Fig. 3-14D, a shorter premature atrial complex of 330 milli-
seconds conducts to the ventricle with RBBB morphology. The H H,
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interval is shorter in Fig. 3—14D compared with that in Fig. 3-14C.
Note the marked prolongation of His—Purkinje conduction time (H,V)
in this complex compared with the normal His—Purkinje conduction
time of S,. Conduction at the shorter premature atrial interval and block
at the longer premature atrial interval is an example of gap physiol-
ogy. Gap occurs because the more premature atrial complex exhibits
slower conduction proximal to the previous site of block; this allows
subsequent recovery of excitability of that area and conduction to the
ventricle. In this instance gap occurred in the HPS as noted by block
initially after the recorded H, potential. Subsequent conduction has
marked slowing of infra-His conduction time.
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Figures 3—-15A and 3-15B
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This patient was being studied because of SVT. What EP phenomenon
occurs and what is the likely cause of tachycardia?
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Figures 3—-15C and 3-15D

IllIIllIl]llll[lllllllll[lllI]IIll,lllllII'!]I'VY"'VI,Ylll]llHll!ll[llll]l

0 1000 2000

'”l”"l"”l'”'l”"l'”'l

I /\ —— N\
ITI AN I

Vi
V2__,.__._/\J_,—/\......w___.___/\~/__m

o N N

800 MS 420 MS ‘\l
HRA| 51 v Sikt 52

“BEMMW

R A

llllIIHIIIlllll]I’("llIlllllIHIIllllllllll'llllll”lHlllllII]IHIIHH'HlllllllllllllIIIYIITTIIYIIII

0 1000 2000
I
Il . N\ A /\ —
111 I I A
Vi e
ved_J\J___/;___._/\J’-/\__\fA
VS——”—/\/“—"&_“‘——_‘/\/MA
900 MS 370 MS L ‘
HRASE, S‘\ 52k |

|

Y v Jl
H1i 526 MS H2
e W —

A A

RV

Explanation:

During atrial pacing at a slow rate of 900 milliseconds, a premature
atrial complex of 420 milliseconds blocked below the His bundle
recording (Fig. 3—15C). Note that H H, is 498 milliseconds, which is
relatively long. Regardless, block below the His bundle recording in
this situation should not be considered abnormal and does not require
pacemaker implantation. In Fig. 3—-15D, there is resumption of con-
duction with a shorter premature atrial coupling interval of 370 milli-
seconds. However, there is a substantial prolongation of H H, interval
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to 526 milliseconds and the conducted QRS complex has a relatively
normal HV interval with incomplete LBBB. Thus, there is some delay
in conduction in the left bundle branch system. This example of gap
occurs in the AV node, with resumption of conduction resulting pri-
marily from an increase in AH interval of the S,. Note also the retro-
grade atrial complex (arrow). This is an AV nodal echo and strongly
suggests that the patient has AV node reentry as the cause of tachycar-
dia. This echo complex did not conduct subsequently to the AV node,
but AV node reentry was easily initiated during isoproterenol infusion
that allowed facilitation of anterograde AV node conduction.
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This patient underwent EP study because of syncope. Atrial pacing
was initiated at a relatively short CL of 310 milliseconds. Where does
block occur? Is this abnormal? Does the patient require pacemaker
therapy?
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Figure 3-16B
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Explanation:

This patient has a relatively slow sinus CL of approximately 900 mil-
liseconds. Atrial pacing is initiated suddenly at a cycle length of 310
milliseconds. The first paced atrial complex (arrow on the HRA lead)
conducts to the ventricle. The H H, interval noted on the His bundle
lead is still relatively long and conduction occurs without any prob-
lem. The second atrial complex blocks below a recorded His poten-
tial (arrow; H,). The H H, interval is short and follows a relatively
long H H, interval. Then, 2:1 block occurs below the recorded His
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potential for the rest of this tracing. This is a normal finding that hap-
pens because of the preceding slow CL before rapid atrial pacing. The
long CL results in prolongation of His—Purkinje refractoriness, and
the short H H, interval occurs within the absolute refractory period
of the HPS. Thus, block occurs below the recorded H, deflection, a
normal finding. A pacemaker is not required. In this same patient, a
gradual increase in atrial pacing rate to CL 310 milliseconds produced
1:1 AV conduction. This was due to the progressive shortening of His—
Purkinje refractoriness as the rate was incrementally increased, rather
than an abrupt increase in heart rate.

CHAPTER 3



Figure 3-17A

During Sleep

This tracing occurred during in-hospital telemetry monitoring. There is
no history of syncope or presyncope. Does this patient require electro-
physiologic testing? Should a pacemaker be implanted?
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Figure 3-17B

During Sleep
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Explanation:

This recording was made while the patient was sleeping. Note that
there is progressive increase in the P—P interval until block occurs. In
addition, there is the unusual finding of several blocked P waves prior
to a junctional escape or conducted complex, a distinction impossible
to determine from the data presented. The progressive prolongation
of P-P intervals prior to a nonconducted P wave strongly suggests a
vagal mechanism as the cause of AV block. The heightened vagal tone
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could explain both slowing of sinus node automaticity and AV node
block. Although it cannot be proven by this tracing, block invariably
occurs in the AV node in this situation. This is a relatively common
occurrence during Holter recordings or in-hospital telemetry monitor-
ing. Distinctly unusual is the high-grade AV block noted in this patient.
However, in the absence of any symptoms of syncope or presyncope,
this patient does not require EP testing or an implanted pacemaker. A
workup for sleep apnea may be useful.
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Figure 3-18A
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This tracing was taken during an EP study during atrial pacing at CL
360 milliseconds. What is the diagnosis?
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Figure 3-18B
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Explanation:

This patient had SVT due to AV reentry using an AP for retrograde
conduction. After successful ablation of the AP a repeat EP study was
performed. During incremental atrial pacing there was a sudden change
in the AV interval as noted in Fig. 3—18B. Note that the arrow reveals
a sudden lengthening of the HV interval that occurred in a 2:1 conduc-
tion pattern for several complexes. In addition, the QRS complexes
with a filled dot on top reveal a different morphology from the rest of
the QRS complexes. This is a very unusual finding, and the shorter HV
intervals without the arrow occur because of conduction over a fascic-
uloventricular AP. This diagnosis is made by the subtle preexcitation
noted in the QRS complexes associated with a shorter than expected
HV interval. The degree of preexcitation is minimal since the ventricle
is activated over an AP that connects the bundle branch system with
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the ventricle. Thus, there is minimal time to preexcite the ventricle
compared with conduction over the normal AV conduction system.

It would be extremely difficult to diagnose a fasciculoventricular
AP unless block occurred revealing the normal HV interval, as hap-
pened here. One could argue that the shorter HV intervals are actually
not His deflections but right bundle branch deflections, and the true
HV interval is noted by the complexes with an arrow. However, a right
bundle branch potential typically occurs with a smaller atrial electro-
gram compared with the atrial electrogram recorded with the His bun-
dle. In the former situation the catheter is situated more distally nearer
to the ventricle. In this tracing, there is no significant change in atrial
amplitude for any of the paced complexes. In addition, this would not
explain the subtle but real change in the QRS complex that occurs with
the longer HV interval. These observations are best explained by the
presence of a fasciculoventricular AP.
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Figures 3—-19A and 3-19B
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During the EP study in this patient, premature atrial complexes (PACs)
were introduced at paced CL 700 milliseconds (Fig. 3—-19A4) and 400
milliseconds (Fig. 3—-19B). What occurs and why?
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Figures 3—-19C and 3-19D

R AL L) LA LAk LA LA St LA LA LA LALA AL LAALY LAAL) LMY LAAL) LALLM RAAL) LM LM
10 1000 2000

11 N .

III VST | WO
AVF|n VSN | Yo

vi

swwand \ i

HAA s1i|

H1 H2
HBE|

404 MS

0 1000 2000

|||||||nln|||l||||1|n||||||||n|||||lun[nn||u1||||1lu||||nl|nn|nn|nnl|||||n||hn||nn|

-------------------------------- T T I I O I O I I T T oo T
AL AARAS LR RAARH RALAN RAMRE LALEH RALAE RARAS RALAH RAARY RAAR) RAARE RARRL RARAE LAARE LAARE MLARE AELM RAAA

0 1000 2000
I Y )\
IIW.MMWM..WJ W “"‘\m“/\f—“—-
I1I WAWN WAWZS /\,mu rrmsnann S\

P IR WSRO\ WY | o

Vi

VSV\M/\/\—«AJ\/\,A/\——'\—_/\_J\'\WN
HRA§¥%

” l‘ hHi I\ n H2 ’ M
HBE
A
Y W

298 MS

0 1000 2000

||||!n||||||||n||||n||||nlnnlnulnnlnllln||||||n|||anuln|||nuln|||n|||n||||n|lu|||

Explanation:

Figure 3—-19C demonstrates high right atrial pacing at 700 millisec-
onds with a PAC introduced at 370 milliseconds. This results in an
H H, interval of 404 milliseconds and a RBBB pattern. All longer
HH, intervals were conducted with a normal QRS complex. Thus, the
refractory period of the right bundle branch is 404 milliseconds. By
electrocardiographic criteria, this is a RBBB pattern. However, actual
block in the right bundle branch does not have to occur in this situ-
ation. Instead, there could be slowed conduction in the right bundle
branch relative to the left bundle branch, allowing delayed activation
of the right ventricle with a RBBB pattern. Thus, a RBBB block mor-
phology can represent either marked slowing of conduction or actual
block in the right bundle branch.
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Figure 3—19D occurs during high right atrial pacing at CL 400
milliseconds with a markedly shorter premature atrial interval than
noted in Fig. 3-19C. The resulting H H, interval is considerably
shorter but right bundle branch conduction occurs. This demonstrates
the effect of heart rate on bundle branch refractoriness. At slower
heart rates the refractoriness of the HPS is relatively longer compared
with faster heart rates. In this example, RBBB refractoriness is less
than 298 milliseconds at a heart rate of 150 beats/min (Fig. 3—19D)
but is 404 milliseconds at a heart rate of 86 beats/min (Fig. 3—19C).
These effects of heart rate on bundle branch refractoriness are com-
monly manifested during continuous electrocardiographic record-
ings. Typically, a PAC with aberrancy occurs during slow rates but,
when the heart rate is faster, a PAC with a similar coupling interval
conducts with a narrow QRS.
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Figure 3-20A
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This recording was obtained during study of a patient with a history of
SVT. What is the most likely cause of tachycardia in this individual?
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Figure 3-20B
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Explanation:

During fixed atrial pacing at CL 900 milliseconds there is a sudden
prolongation in the PR interval that stays relatively fixed. The arrow
demonstrates the marked sudden prolongation in AH interval com-
pared with the previous shorter AH interval. When a sudden and unex-
pected prolongation in PR interval, or AH interval, occurs and remains
relatively fixed, the likely diagnosis is dual AV nodal physiology. In
this example, the first two atrial paced complexes conduct to the ven-
tricle with a much shorter PR and AH interval than the subsequent
complexes because conduction proceeds over the fast pathway of the
AV node. The third atrial complex has a sudden prolongation of the PR
and AH interval because block occurred over the fast AV nodal path-
way and conduction now proceeds over the slow AV nodal pathway.
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The demonstration of dual AV nodal physiology in a patient with doc-
umented paroxysmal SVT strongly suggests AV node reentry is the
cause of tachycardia. In fact, with intravenous isoproterenol, AV node
reentry was initiated.

The demonstration of dual AV nodal physiology can be recognized
occasionally during routine electrocardiography or continuous electro-
cardiographic recordings. If there is a sudden, unexpected, constant
prolongation of the PR interval that does not progress to block, one
should strongly suspect dual AV node physiology. This does not sug-
gest that the patient has or will develop tachycardia since the patient
may lack retrograde AV nodal conduction, which typically precludes
AV node reentry. Thus, to initiate the slow/fast variety of AV node
reentry there must be both anterograde block in the fast pathway and
subsequent retrograde conduction over this pathway.
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Figures 3-21A and 3-21B
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A middle-age woman presented with exercise-induced presyncope. Her ]
resting ECG (left) and ECG lead II rhythm strips during exercise (right)
are shown. Is conduction delay and block most likely to occur in the AV

node, His bundle, or bundle branch system? C. Recovery
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Figure 3-21C
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Figure 3-21C demonstrates the resting ECG with variable PR inter-
vals. Note that during the beginning of the tracing in lead II with a
sinus cycle length (SCL) of 1160 milliseconds the PR interval is 260
milliseconds. Later in the tracing as shown in V, the SCL is 1260
milliseconds with a PR interval of 190 milliseconds. Ideally, one
i H Vs S should measure changes using the same ECG lead, but the PR differ-
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160ms p : P 1260ms P I T e ences are obvious. The QRS complex is narrow, suggesting lack of
' tH significant disease in the bundle branch system. However, this cer-

: : tainly does not exclude disease within the His bundle that may occur
l A E without bundle branch block. From this electrocardiogram alone, it
: is difficult to determine the site of variable conduction. However,
. o one should suspect disease in the His bundle. Shortening of the SCL
A - “ A ! Jesertat 1 1 is likely due to autonomic changes such as decreased vagal tone or

- increased sympathetic tone, both of which usually improve conduc-
tion through the AV node.

Figure 3-21D shows the tracings from the treadmill evaluation
and highlights the effect of heart rate on AV conduction. When the
patient was standing (panel A), the SCL shortened to 1020 milli-
seconds and this resulted in type 1 second-degree AV block. As the
SCL progressively decreased during the treadmill test, the degree of
conduction block increased, for example, 3:1 conduction in stage 3
of the treadmill with a SCL of 440 milliseconds (panel B). During
recovery (panel C), the SCL progressively lengthened to 860 mil-
liseconds and 2:1 conduction occurred. At this time the phenomenon
of ventriculophasic sinus arrhythmia is noted (see below). The auto-
nomic effects of standing and exercise are parasympathetic with-
drawal and increased sympathetic tone. These combined changes
decrease SCL. They also facilitate AV node conduction. Thus, the
paradoxical effect of decreased SCL producing progressively worse
AV conduction strongly implicates the HPS as the site of conduc-
tion problems. The narrow QRS complex implies lack of bundle
branch disease and the assumption is that conduction abnormali-
ties occur within the His bundle. There was no need to perform
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Figure 3-21D
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an EP evaluation in this patient since the cause of her symptoms
was identified during treadmill testing. In other patients we have
correlated intra-His block in similar circumstances. This patient
required a dual-chamber pacemaker and symptoms abated after its
implantation.

Ventriculophasic Sinus Arrhythmia

During recovery there is 2:1 conduction (Fig. 3-21D). There is also
an interesting pattern of longer P—P intervals between QRS complexes
compared with shorter P-P intervals that surround a QRS complex.
The mechanism for this ventriculophasic sinus arrhythmia is in part
due to alternations in sinus nodal automaticity secondary to changes in
blood pressure. Each QRS complex is associated with an increase in
blood pressure, which affects the baroreceptors. One needs to postu-
late that the baroreceptor-mediated slowing of the sinus rate occurs too
late to affect the P wave immediately after the QRS complex, but does
prolong the subsequent SCL. Thus, the P-P interval between the two
QRS complexes is lengthened. Because the effect of heightened blood
pressure is short lived, the P wave immediately after the QRS complex
is not delayed, resulting in a shortened P—P interval surrounding the
QRS complex.
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Figure 3-22A
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This patient has a history of wide and narrow QRS complex tachycar- from the wide QRS complex to the narrow QRS complex during

dia. This tracing was taken during an EP study. What is the most likely tachycardia?
diagnosis? What is the most likely mechanism for transformation
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Figure 3-22B
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Explanation:

The tachycardia mechanism is similar during bundle branch block aber-
rancy or normal QRS morphology. The short VA interval, identified as
an atrial ECG within the QRS complex, rules out AV reentry. The long
AH interval and relatively short HA and VA intervals are consistent
with AV node reentry. From this tracing alone, an atrial tachycardia
cannot be excluded, but this would be a far less likely diagnosis. In
this situation one would have to postulate an atrial tachycardia with
conduction over a slow pathway. This patient had AV node reentry.
The first three QRS complexes demonstrate typical LBBB mor-
phology. Note in the His bundle lead that a small His deflection is
present and the HV interval is similar to that recorded with the sub-
sequent narrow QRS complexes. Thus, the first three QRS complexes
represent LBBB aberrancy. There is minimal to no difference in the
tachycardia cycle length between LBBB and narrow QRS complex
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morphology. It is therefore highly unlikely that LBBB aberrancy is
due to an acceleration-dependent mechanism. The persistence of
LBBB aberrancy is typical for transseptal concealed conduction. In
this situation, a supraventricular complex conducts to the ventricle
over the right bundle branch and blocks over the left bundle branch.
Then, transseptal concealed conduction (not visible) occurs from the
right to left ventricle with retrograde invasion of the impulse into the
distal left bundle branch. This relatively late activation of the left bun-
dle branch will prolong its refractoriness compared with the right bun-
dle branch. When the next supraventricular impulse arrives at the left
bundle branch, it will be refractory and block occurs. This sequence
persists and LBBB aberrancy continues with each tachycardia cycle.
A similar scenario can occur with persistent RBBB aberrancy due to
retrograde invasion from the left bundle branch into the right bundle
branch distally.

Introduction of a PVC (S,) during tachycardia at a critical coupling
interval can result in termination of the transseptal concealed conduc-
tion. The premature ventricular complex “peels” back the refractory
period of the left bundle branch by preventing the impulse from the
right bundle branch from activating it at its usual later time. In other
words, the PVC activates the left bundle branch earlier than would
have been anticipated had the right bundle branch caused retrograde
activation of this structure. Now, when the next supraventricular
impulse reaches the left bundle branch anterogradely, it will conduct
without block and this ends the persistence of bundle branch block
aberrancy. In summary, this patient has typical AV node reentry with
anterograde conduction over the slow pathway and retrograde conduc-
tion over the fast pathway. LBBB aberrancy occurred during the initia-
tion of tachycardia and persisted until a PVC was introduced. LBBB
aberrancy was caused by transseptal concealed conduction from the
right bundle branch into the distal left bundle branch. This sequence
was interrupted with the PVC that peeled back refractoriness of the
left bundle branch and allowed the next supraventricular impulse to
conduct normally over both bundle branches.
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Figure 3-23A
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This tachycardia was initiated at EP study performed approximately 1
week after surgical ablation of an AP many years ago. Where does AV
block occur? Does this patient require permanent pacing? Time lines
on top are 50 milliseconds.
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Figure 3-23B
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Explanation:

An atrial tachycardia was initiated at EP study, which was not a clinical
arrhythmia for this patient. However, an interesting EP phenomenon
occurred with AV block in both the AV node and HPS. On the left-
hand portion of the figure AV nodal Wenckebach block occurs with
an increase in the AH interval from 110 to 140 milliseconds before
block. Note the lack of a His bundle deflection after the third atrial
electrogram. The fourth atrial electrogram demonstrates an AH inter-
val of 130 milliseconds and another Wenckebach AV nodal conduction
pattern occurs. Then, the patient develops 2:1 AV conduction with a
change in atrial rate.

The AV nodal Wenckebach conduction pattern produced variable
HH intervals, which is physiologic. The changes in HH intervals result
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25

445 440 380 380

in block below the recorded His deflection. Block occurs with the
shorter HH cycle immediately after a relatively long HH interval that
results in prolongation of His—Purkinje refractoriness. Analysis of the
sequence starting with the HH interval of 550 milliseconds reveals
that the subsequent HH interval is 340 milliseconds and block occurs
below the His deflection. The next HH interval is 515 milliseconds, but
now there is 2:1 block. This allows a relatively long HH interval of 445
milliseconds and the subsequent HH intervals are similarly prolonged
enough to allow conduction with each His deflection. The second atrial
complex demonstrates block below the His bundle deflection and it is
presumed that this HH interval of 325 milliseconds was preceded by a
relatively long HH interval, although this is not shown in the tracing.
Infra-His block that results from a long—short HH sequence is physi-
ologic. No pacemaker is required.
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Figures 3—24A and 3-24B
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Figures 3-24A and 3-24B were recorded during right atrial pacing
at CL 600 milliseconds with a premature atrial complex of 280 mil-
liseconds (Fig. 3-24A) and 270 milliseconds (Fig. 3-24B). What is
the most likely cause of the difference in sinus return cycle after the
premature complex?
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Figures 3-24C and 3-24D
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Explanation: SCL to 546 milliseconds. This may represent a sinus nodal echo or the

In Fig. 3-24C, a PAC conducts to the ventricle and the subsequent
sinus complex occurs 918 milliseconds later. In Fig. 3-24D, a more
premature atrial complex results in a sudden shortening of the return
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attainment of the sinus node effective refractory period. In the latter
case the PAC presumably did not invade the sinus node. Therefore, it
was not reset allowing an earlier sinus complex to occur. This is one
measure of sinus nodal function.
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Figure 3-25A
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This recording was made during an electrophysiologic study in a
patient with an AP who just underwent radio-frequency catheter
ablation. What EP phenomena are present?
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Figure 3-25B
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Explanation:

This patient had a posterolateral AP with bidirectional conduction.
Radio-frequency energy successfully ablated the AP. Shortly thereaf-
ter the patient was noted to have wide QRS complexes followed by
narrow QRS complexes during sinus rhythm. The first two complexes
represent LBBB aberrancy and not AP conduction. Note that the HV
interval is similar for the narrow and wide QRS complexes. It is not
clear why this patient had LBBB aberrancy at this part of the study,
but he did have LBBB aberrancy during orthodromic AV reentry.
Importantly, there is a definite change in the local AV interval recorded

108

on the coronary sinus catheter. Note on the proximal coronary sinus
electrogram the local AV interval is 124 milliseconds during LBBB
conduction and this becomes shorter (106 milliseconds) during normal
conduction. Since the activation time from the sinus node to the local
atrial electrogram at the coronary sinus electrode remains constant
(HRA-D to PCS), the difference in local conduction time results from
delayed activation of the posterior left ventricular wall during LBBB.

In summary, the two key observations present are LBBB aberrancy
and its accompanying effect to delay conduction to the left ventricular
posterior wall.

CHAPTER 3



Figure 3-26A
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This 62-year-old man underwent radio-frequency ablation of the
AV node 30 minutes prior to this record. Is this complete AV block?
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Figure 3-26B
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Explanation: the P wave was coupled to the previous QRS by a critical interval (RP
The atrial CL is 840 milliseconds and the ventricular CL is 1650 mil- >870 mi11'i s.econds will cap ture)' and the pattern observed on the.ﬁgure
liseconds. The QRS has normal supraventricular morphology, compat- was repeptwe. AV. block is obviously not “complete, although It may
ible with a junctional escape rhythm. AV block appears to be complete be described as high grade. The conducted P wave has a PR interval

except for the occasional ventricular cycle that is premature (asterisk).

of 220 milliseconds, the minimal time needed to capture the junctional

The cycle affer the premature beat is “on time,” indicating that the junc- focus. A P wave occurring less than 220 milliseconds from the subse-

tional pacemaker has been reset. This capture beat always occurred if
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quent QRS will have no chance to capture the ventricles.
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Figure 3-27A
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This patient with the WPW pattern presented clinically with a regular,
wide QRS tachycardia. Based on the data in this figure, is this likely to
be antidromic tachycardia?
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Figure 3-27B
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Explanation:

The first cycle is a sinus cycle and is preexcited with onset of QRS
preceding the His deflection. The second cycle, a His extrasystole,
is preceded by a His deflection and the QRS has normalized. His
extrasystoles are usually observed during or shortly after positioning
of the His bundle catheter. In this instance, retrograde conduction to
the atrium is occurring over a left lateral AP as evidenced by earliest
atrial activation at the distal coronary sinus (CS, ). There is no evidence
for retrograde conduction over the AV node, a condition that must be
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possible to enable antidromic tachycardia, a tachycardia circuit with
anterograde conduction over the AP, and retrograde conduction over
AV node. However, retrograde conduction over the AV node may have
a longer conduction time than the AP and could become apparent only
after retrograde block over the AP. Furthermore, retrograde conduction
over the AV node could be catecholamine dependent. Consequently,
antidromic tachycardia as a clinical tachycardia is unlikely but not pre-
cluded by this record.
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Figure 3-28A
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Same patient as in Fig. 3-27. Why has the QRS apparently normalized?
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Explanation:

Normalization of the preexcited QRS in this instance could theoreti-
cally occur (1) after block over the AP, (2) with the fortuitous occur-
rence of a PVC after atrial activation (pseudonormalization), or (3)
with the fortuitous occurrence of a His extrasystole, resulting in more
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Figure 3-28B
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activation of the ventricle over the normal conduction system than the
AP. The continued presence of preexcitation, albeit less marked, and
the apparent shortening of the AH interval favors the diagnosis of a

fortuitous His extrasystole, resulting in a more normal appearance of
the QRS.
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Figure 3-29A
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This patient had a right AV pathway with a long conduction time. After

cessation of pacing, two cycles with QRS identical to the preexcited
QRS are observed consistently. How is this explained?
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Figure 3-29B
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Explanation:

The relative sinus pauses after cessation of pacing allowed the emer-
gence of automaticity in this right-sided pathway. APs may exhibit
intrinsic automaticity, especially those with decremental properties
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and long conduction times. The two cycles could theoretically be ven-

tricular in origin but the QRS morphology identical to the preexcited
QRS argues against this.
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Figure 3-30A
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This patient’s preexcitation pattern was not evident on the surface ECG
in the absence of atrial pacing at a rapid rate. Why not?
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Figure 3-30B

Explanation:

The QRS morphology during pacing clearly shows a left lateral pre-
excitation pattern. The record also reveals impressive intra-atrial
and interatrial conduction delay during pacing (S to A interval is
150 milliseconds). In sinus rhythm, this delay contributes to the rel-
atively lesser contribution of the left AP to ventricular activation.
In sinus rhythm, the atrium at the HB is activated approximately
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20 milliseconds after the right atrial site (RA), whereas the atrial
electrogram near the AP insertion site in the distal coronary sinus
(CS,) is only activated 60 milliseconds later. The latter allows more
direct imput into the AV node than the left AP, causing the balance
of fusion to be shifted to the normal conducting system. Importantly,
pacing prolongs AV node conduction time but not AP conduction
time.
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Figure 3-31A
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Incremental ventricular pacing in this young man referred for recurrent
SVT revealed this phenomenon. How many APs are present?
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Figure 3-31B
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Explanation:

Incremental ventricular pacing has resulted in retrograde block. Earliest
retrograde atrial activation is occurring in the distal coronary sinus
(CS,) compatible with conduction over a left lateral AP. The interest-
ing observation is the prolongation of the local VA interval prior to
block with subsequent shortening of the VA interval in the first ven-
tricular cycle after the blocked one. APs in general conduct in an “all
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or none” fashion and Wenckebach type block is unusual. Decremental
conduction such as this, however, is occasionally observed in patients
with APs. The retrograde atrial activation sequence appears similar
regardless of the VA interval. It is generally believed that this decre-
mental conduction is related to the intrinsic properties of a given AP,
although it is conceivable that there are multiple, closely spaced APs
with different VA intervals.
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Figure 3-32A
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The tracing shows ventricular pacing. Does this patient need a
pacemaker?
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Figure 3-32B

Explanation:

The tracing demonstrates VA dissociation. The atrial activation
sequence is high to low, beginning at the right atrial electrogram. The
third complex is a capture—fusion beat, demonstrating fusion between
the ventricular paced cycle and the sinus cycle. The seventh complex
appears to be a pure capture beat as the pacing stimulus artifact occurs
too late to capture the ventricle. AV block in this situation is physiologic
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and is best explained by concealed retrograde conduction of the paced
ventricular rhythm into the normal AV conduction system. The level
of block is below the recorded His bundle. Block below the recorded
His is generally pathologic but can be accounted for in this case by
concealed retrograde conduction. The patient was undergoing study
for suspected tachycardia and was otherwise asymptomatic. He does
not need a pacemaker based solely on the EP observations.
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Figure 3-33A
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This patient was referred for AP ablation. Ventricular extrastimulus test- shown. CS, is at the orifice of the coronary sinus and CS, to CS, are
ing is displayed with the last two beats of the drive and the extrastimulus progressively distal. How many APs are present?
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Figure 3-33B
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Explanation: Fig. 3-31. In this case, however, there is a subtle but distinct change in
atrial activation sequence, which in this patient represented a second
AP slightly more distal to the first with a longer VA conduction time.
This was verified by ablation.

The retrograde atrial activation sequence is eccentric, with earliest
activation in the distal coronary sinus clearly indicating a left lateral
AP. The VA interval prolongs abruptly with the extrastimulus. This
may represent decremental conduction over the AP as illustrated in
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Figure 3-34A
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This tracing was observed during atrial pacing in a young patient studied
for tachycardia. The interval between stimuli (S) is 520 milliseconds.
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CS, is at the orifice of the coronary sinus and CS, to CS, are progres-
sively distal. What should be ablated?
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Figure 3-34B
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Explanation:

During atrial pacing, there is a sudden prolongation of the AH inter-
val, representing a shift to a slow AV node pathway (third QRS).
This is associated with an atrial echo cycle that does not subsequently
conduct to the ventricle. The atrial echo largely preempts the stimu-
lus artifact (local atrial capture may be present but clearly does not
depolarize most of the atrium), which is inscribed shortly thereafter.
The atrial echo shows earliest activation just inside the orifice of the
coronary sinus (CS,). This is compatible with either conduction over a
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posteroseptal AP or a retrograde AV node pathway. In this particular
study, observations during sustained tachycardia observed elsewhere
verified the diagnosis of a posteroseptal AP. Atrial reciprocation in
this patient required conduction delay, which in this instance was
afforded by prolonged conduction over the slow AV node pathway.
In this instance, slow pathway ablation could be reasonably contem-
plated to prevent tachycardia if ablation of the posteroseptal pathway
was otherwise problematic.
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Figure 3-35A
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During progressively more rapid (“incremental”) ventricular pacing extrastimulus testing, however, there was sudden prolongation of the VA

in this patient, the VA conduction time changed only marginally from interval. Why?
the slowest to the fastest paced rate prior to block. With ventricular
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Figure 3-35B
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Explanation: VA interval with ventricular extrastimulus testing is usually related to
prolongation of the VH interval rather than being representative of dual
AV node pathways. It is not unusual to observe only minimal changes
in the VA interval during incremental ventricular pacing, an observa-
tion that does not necessarily suggest the presence of an AP.

The His deflection is not obvious during the ventricular drive but
clearly emerges after ventricular depolarization subsequent to the
extrastimulus. The abrupt change in CL results in conduction delay in
the HPS, which is usually not observed during incremental ventricular
pacing with a more gradual decrement in CL. A sudden “jump” of the
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Figure 3-36A
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This patient was referred for assessment of the Wolff—Parkinson—White normalized. The end of this pacing run is illustrated in the figure. What
syndrome. Preexcitation was observed during incremental atrial pac- phenomenon is observed?
ing down to a CL of 400 milliseconds at which point the QRS abruptly
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Figure 3-36B

Explanation:

The QRS remains normal for the first two spontaneous sinus cycles
after cessation of pacing. It is only the third spontaneous sinus cycle
that results in resumption of preexcitation. Knowing that preexcitation
persisted until CL 410 milliseconds during incremental pacing would
lead one to predict that the first two spontaneous cycles after termina-
tion of pacing should be preexcited since sufficient delay was pres-
ent to permit recovery of excitability over the pathway. “Fatigue” is
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defined as a transient failure of conduction after repetitive excitation
and was observed in this patient after the cessation of rapid pacing
or a sufficiently premature extrastimulus. The duration of fatigue was
dependent on both the rate and duration of pacing. Repetitive excitation
may produce prolonged and persistent depolarization of the diastolic
membrane potential, which is unfavorable to impulse propagation. The
mechanism of this phenomenon is unknown.
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Figure 3-37A
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What is the differential diagnosis of this rhythm? How would one
prove the diagnosis?
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Figure 3-37B
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Explanation:

The atrial activation sequence is eccentric (see Table 1-7) suggesting
a diagnosis of atrial tachycardia or AV reentry. With either diagnosis,
one must postulate the presence of a slow AV node pathway resulting
in a very long AH interval. It is also noteworthy that the atrial activa-
tion pattern does not support the presence of a retrograde fast AV node
pathway. Such a long AH interval (770 milliseconds) would, however,
be distinctly unusual for a beat conducted over the AV node.

A third possibility is a junctional rhythm with retrograde conduction
over a left lateral AP, the latter not directly involved in the mechanism
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of the rhythm. This third possibility does not require a slow pathway
as part of the explanation. A premature atrial depolarization inserted
in middiastole should and did clarify this diagnosis. It conducted with
a short AH interval, verifying the diagnosis of junctional rhythm with
retrograde conduction over an AP. If the long diastolic interval were
occupied by slow pathway conduction, this atrial extrastimulus likely
would not have conducted to the His and certainly not with a short AH
interval.
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Figure 4-1A
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A 35-year-old woman with a history of palpitations and supraventricular in her heart. A maneuver was performed to identify the mechanism of
tachycardia was noted to be in this rthythm after catheters were placed tachycardia. Has this helped?
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Figure 4-1B
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Explanation:

This is a relatively slow supraventricular tachycardia with a His elec-
trogram preceding each QRS complex (HBED lead). The cycle length
of tachycardia varied slightly from 726 to 735 milliseconds. The dif-
ferential diagnosis includes an automatic junctional rhythm, slow—fast
AV node reentry, or an atrial tachycardia with anterograde conduction
over a slow pathway. The very short VA interval excludes AV reen-
try. A premature atrial complex is introduced at a time when the His
bundle electrogram has already been activated and results in a shorten-
ing of the subsequent H-H interval to 657 milliseconds. There should
be no change in the subsequent H-H interval if the mechanism is an
automatic junctional rhythm because the junction would have already
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discharged and therefore the premature atrial complex could not have
affected the subsequent cycle length. The shortening of the H-H inter-
val is consistent with slow—fast AV node reentry in which the prema-
ture atrial complex engages a slow pathway earlier than anticipated
and affects the next H-H interval. It could have also prolonged the next
H-H interval and that would have still supported this diagnosis. Can
one totally rule out an atrial tachycardia with conduction over a slow
pathway? Note that the His to high rate interval remains constant even
though the H-H interval changes, a finding consistent with AV node
reentry but not atrial tachycardia. Indeed, this patient had relatively
slow AV node reentry that was successfully ablated at a site around the
coronary sinus ostium.
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Figure 4-2A
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A 59-year-old woman underwent electrophysiologic evaluation for
recurrent episodes of tachycardia. She had known right bundle branch
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block. Explain how initiation of tachycardia occurs, the most likely
mechanism for it, and the tachycardia diagnosis.
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Figure 4-2B
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Explanation:

A single atrial premature stimulus is introduced at 340 milliseconds
during an atrial paced cycle length of 500 milliseconds. The premature
complex conducts over the AV node and induces a short VA interval
tachycardia that is most consistent with AV node reentry. This mode of
induction is referred to as a two-for-one response and seems to break
the laws of initiation for a reentrant circuit. In other words, a single
premature complex is conducted over both the fast and slow AV nodal
pathways to initiate tachycardia.

Classical teaching of reentry proposes three requisites to form the
circuit: two pathways of conduction, initial block in one pathway, and
slowing of conduction in the second pathway to allow reexcitation of
the initial blocked pathway and subsequent reentry. In this example,

138

there is no block in either pathway since the premature atrial com-
plex conducts anterogradely over both. This “breaking of the rules” is
best explained by the inability of the initial fast pathway conduction
to conceal retrogradely into the slow pathway, which thereby allows
the slow pathway to conduct in an anterograde manner and start tachy-
cardia. In all cases we have studied like this, slow—fast AV node reen-
try can always be induced during premature ventricular stimulation or
incremental ventricular pacing, consistent with essentially minimal to
no retrograde conduction into the slow pathway. This is shown with a
premature ventricular complex initiating the same tachycardia in this
patient at another point in this study. The successful ablation site was
just anterior to the coronary sinus ostium and not substantively differ-
ent from the usual site one selects for patients with AV node reentry.
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Figure 4-3A
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A 29-year-old man with a history of paroxysmal SVT (PSVT) undergoes the control state, a premature atrial complex could only induce a few
electrophysiologic evaluation. During programmed atrial stimulation in beats of tachycardia. What is the diagnosis?
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Figure 4-3B
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Explanation:

As discussed in Chapter 1, it is always important to look for “wobble”
or changes in intervals during tachycardia and these usually occur
at the initiation or termination of tachycardia. This patient has some
key observations that prove the mechanism of at least these two echo
complexes. The accompanying figure shows an initial prolonged HV
interval of 98 milliseconds followed by a shortening to 58 millisec-
onds. The HA interval on the first echo complex is 254 milliseconds
and this shortens to 218 milliseconds as the HV interval shortens. The

140

change in HV predicts the change in HA. The only supraventricular
tachycardia that utilizes both the His—Purkinje system and ventricle
in the circuit is AV reentry, and that is the diagnosis. Also note that
termination of these echo complexes occurs with an atrial electrogram
without conduction to the His bundle, which was a consistent find-
ing and strongly suggests an AV node—dependent mechanism. Indeed,
during isoproterenol infusion tachycardia persisted and ablation was
successful.
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Figure 4-4A
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A 46-year-old woman with a history of recurrent palpitations under-

goes an electrophysiologic study. This simultaneous 12-lead electrocar- the cause of her palpitations?
diogram was recorded in the electrophysiology laboratory prior to the
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insertion of catheters. Do you think this patient will have AV reentry as
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Figure 4-4B
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Explanation:

This tracing demands careful measurement before coming to a conclu-
sion. It also reminds us of the famous Shakespearean quote, “all that
glitters is not gold.” At first glance it appears the patient may have
2:1 conduction over an accessory pathway. One of the hallmarks of
an AV pathway, which is the typical accessory pathway, is a short PR
interval that remains constant assuming there is no change of the site
of origin of the P wave. Note that there is an apparent short PR interval
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associated with the wide QRS complexes. Importantly, the “PR inter-
val” is not constant and this is clearly seen in the last two wide QRS
complexes on this tracing. In essence, this is a “fooler” and is really a
series of critically timed premature ventricular complexes that happen
to be late in timing, in essence, “R on P waves.” The accompanying
figure shows that these wide QRS complexes are PVCs. Indeed, this
patient had PVCs and nonsustained VT that occurred in the presence of
isoproterenol and no evidence of an accessory pathway.
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Figure 4-5A
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A 72-year-old gentleman has had nearly incessant tachycardia for the
past 6 months and the following tracing occurred at electrophysiologic
study. What is the diagnosis?
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Figure 4-5B
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Explanation:

This is an extremely unusual variant of a much more common prob-
lem, slow—fast AV node reentry, which is rarely incessant. Typically,
tachycardia starts with a premature atrial complex, infrequently with a
PVC, and will terminate suddenly and not spontaneously reoccur. This
patient typically showed Wenckebach conduction block over the fast
AV nodal pathway until a critical AH interval occurred that allowed
tachycardia to be initiated. Tachycardia would spontaneously termi-
nate only to restart with another Wenckebach sequence. On occasion,
as noted in the accompanying figure, during the Wenckebach sequence
a PAC would occur, and here the AH interval increases from 168 to
270 milliseconds at which time reentry occurred with a relatively short
HA interval. The tachycardia cycle length is 306 milliseconds and even
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though there are variable AH intervals at the start of tachycardia, the
HA interval remains nearly constant, consistent with AV node depen-
dence, ruling out atrial tachycardia as a mechanism. The VA interval is
short but not short enough to eliminate conclusively AV reentry, which
was excluded at electrophysiologic study.

As you prepare to ablate the slow pathway, you might wonder
whether the patient will have repetitive sequences of Wenckebach
block after elimination of slow pathway conduction. However, in such
situations what usually happens is 1:1 conduction over the fast path-
way after elimination of slow pathway conduction. The presumption
is that electrotonic interaction occurs between the two AV nodal path-
ways and with elimination of the slow pathway the fast pathway can
now maintain 1:1 conduction, which was what occurred in this patient.
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Figure 4-6A
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The patient has a narrow QRS tachycardia induced and ventricular
pacing has begun to entrain the tachycardia. What has happened?
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Figure 4-6B
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Explanation:

The tracing starts with a narrow QRS tachycardia with a 1:1 AV rela-
tionship. The atrial activation is “eccentric,” that is, earliest in the distal
coronary sinus. This can only be AVRT over a left lateral AP or an
atrial tachycardia from the left atrium. The VA relationship stays con-
stant in the few cycles seen, consistent with AVRT but not ruling out an
AT, and AVRT was proved elsewhere in the study. A sudden change in
atrial activation occurs after the asterisk, with prolongation of the AA
interval and a total change in the atrial activation sequence to a central
pattern. The subsequent QRS is also reset (CL 380 milliseconds from
370 milliseconds).

The differential diagnosis includes AVRT using a septal AP for ret-
rograde conduction with a longer VA interval, AVNRT, and even AT.
AVNRT was subsequently diagnosed. The pacing spikes are distract-
ing but do not capture until the seventh cycle and even then the pacing
is too slow to overtake the tachycardia.
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It is interesting to speculate how this transition occurred. Why
did the retrograde AV node pathway suddenly appear when the AP
blocked, to start its own tachycardia? It is possible that the each QRS
was resulting in both retrograde AP and retrograde AVN conduction
but the AP was always “beating” the AVN to the atrium and the lat-
ter was not manifest. With block in the AP, the retrograde AVN path-
way could now capture the atrium and drive its own tachycardia. One
may think of this as the faster AVRT “entraining” the slightly slower
potential AVNRT until block occurred in the AP, that is, analogous to
termination of “overdrive pacing” from the atrial insertion of the left
lateral AP.

It is also possible that onset of AVNRT was merely coincidental
with the cessation of AVRT, although it is somewhat difficult to explain
why there is immediate retrograde conduction over the AV node with
the next cycle.
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Figure 4-7A

HIS p \J\,

Esoph e Yw‘r _,'M S P TN P

HRA 19,20

HRA 17,18 - \, e 1

HRA 15,16 r N -( v( 1( 1

MRA 13,14

MRA 11,12 f-

e
-
-
=
-

MRA 9,10 N

MRA 7,8 i
|

=
——

LRA 56 t
= o " .
LRA 34 ¥ ¥ " 'l

—

Cs9-10

Cs7-8 \llw ulv - vlv v - -

\ ) \ A
CS 56
l l l |
A A [

= -
—
L

cs 34 |
A !\r N WYV 'YV WYV WY
I — | |

Rvap 1 ﬂ, f[ v A - A~ A~
| | | I | | 23507, RUL L | ) | L 1223408 RMlassnsl I ekl 1 | 23408 R | | L .

SVT is induced during positioning of a multipolar catheter along the
crista terminalis in the right atrium. Adenosine is given and termi-
nation is observed. What can be concluded about the mechanism of
tachycardia?
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Figure 4-7B
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Explanation:

Earliest atrial activation is observed in the right atrium near the HB
region. The coronary sinus is activated from proximal to distal.

The multipolar right atrial catheter and the coronary sinus cover a
relatively large part of the atria and atrial electrograms cover a rather
narrow band of the cardiac cycle (vertical lines). This is most com-
patible with a focal source rather than macroreentry during which the
electrograms would fill more of the cardiac cycle.

The tachycardia terminates with a QRS complex. The last several
complexes have a His recorded on the HIS d tracing and there is no
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preceding AH prolongation, which would usually be expected with
termination of a junctional-dependent tachycardia, and slowing of the
atrial cycle length precedes termination. Prolongation of conduction in
a slowly conducting AV nodal or accessory retrograde pathway cannot
be entirely excluded from this tracing alone.

This tracing is most compatible with an adenosine-sensitive atrial
focus near the His bundle region and this is where it was ultimately
mapped and ablated.
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Figure 4-8A
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This tachycardia can be described as narrow QRS with a one to one AV
relationship. Overdrive ventricular pacing is begun. Can the mecha-
nism of tachycardia be determined from this tracing?
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Figure 4-8B
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Explanation:

The figure shows onset of ventricular pacing during tachycardia.
Ventricular capture is evident only after the fourth spike with the fourth
QRS complex. This QRS obviously reflects fusion between the tachy-
cardia QRS and the fully paced QRS. The subsequent atrial activation
is advanced. This is the equivalent of the PVC programmed into the
tachycardia cycle at a time when the His is refractory, that is, the “His
refractory” PVC. It is not necessary to see the His deflection since
the fused complex clearly derives in part from anterograde conduction
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over the His, which then must be refractory. Note also that the stimulus
to A interval of the fused beat is almost the same as the VA interval of
tachycardia, proving that the pacing stimulus is activating the atrium
by the same route as during tachycardia, that is, the pacing catheter
is “in” the circuit. This is analogous to comparing these two intervals
after cessation of pacing with entrainment. Refer to Fig. 1-3 and con-
sider how all this reflects good access of the pacing site to a sizable

excitable gap.
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Figure 4-9A
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Overdrive ventricular pacing during supraventricular tachycardia. How
does one interpret this result?
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Figure 4-9B
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Explanation:

This is a classical “entrainment” maneuver. The atrial activation
sequence during tachycardia is central and might be an atrial tachycar-
dia, AV node reentry, or AV reentry over a septal accessory pathway.
At first glance, termination of pacing suggests a “V A A V” response
diagnostic of an atrial tachycardia but this is not the case.

The maneuver is best interpreted with a checklist approach. Pacing
should be done as close as possible to the tachycardia cycle length to
minimize potential decremental conduction, which could confound the
interpretation.

The first priority is to verify that the tachycardia has been acceler-
ated to the pacing cycle length in a stable fashion. This is indeed the
case here, that is, 340 milliseconds.

The second step is to identify the last entrained atrial electrogram.
In this case it is indicated by the asterisk and it is the last atrial deflec-
tion at the paced CL. It is now apparent that the V during pacing does
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not conduct to the first but to the second atrial electrogram. This is
then a “V A V” response. Another clue to relating the V to the correct
A is that the VA during pacing should not be shorter than the VA dur-
ing tachycardia and this alone would eliminate the shorter VA during
pacing as the correct one.

At this point, one notes that the postpacing interval (PPI) at the RV
apex is 165 milliseconds longer than the tachycardia cycle length and
the change in VA between pacing and tachycardia is 180 milliseconds
(i.e., 450-270). The usual published maximum PPI to be considered
“in” the circuit for AV reentry over a septal AP is 115 milliseconds and
the corresponding delta VA is 85 milliseconds; so one can consider that
the pacing site is “out” of the circuit.

This is often loosely expressed as an “AV nodal” response but this
can be misleading since other factors (free wall AP, decremental septal
AP) can result in this type of response. It is more accurate to say that
one has excluded a “conventional” or nondecremental septal acces-
sory pathway as the retrograde limb of the circuit. In this case it was
AVNRT.
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Figure 4-10A
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What can be said of the mechanism of this tachycardia?
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Figure 4-10B
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Explanation:

The tachycardia is regular with a one to one AV relationship. The atrial
activation shows earliest depolarization at CS 7,8, which is slightly in
from the orifice of the CS. This is not an anterior septal pattern and is
most likely either atrial tachycardia or atrioventricular reentry. AVNRT
is technically possible with this pattern but would be more unusual.
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A PAC with a different activation pattern is seen (asterisk) and
delays the next cycle. This delayed cycle nonetheless has the same HA
interval as the tachycardia (the A appears “linked” to the previous H)
and this would be extremely fortuitous with an atrial tachycardia but
expected with AVRT, which it was.
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Figure 4-11A
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The patientis a young woman with paroxysmal tachycardia. Tachycardia
is initiated by a critically timed atrial extrastimulus. What is the differ-
ential diagnosis and probable mechanism of the tachycardia?
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Figure 4-11B

Explanation: The short VA interval rules out AV reentry. Although atrial tachycardia
is not excluded, the apparent requirement of AH prolongation at the
onset of tachycardia makes AV node reentry most likely. Maneuvers to
assess AV node participation in tachycardia such as carotid sinus mas-
sage will confirm the diagnosis.

The differential diagnosis of a narrow QRS tachycardia is presented
in Table 1-5. The tachycardia has a normal QRS, a cycle length of
320 milliseconds, and a 1:1 AV relationship. The atrial activation is
central with earliest activation at the His (arrow) where atrial activa-
tion precedes ventricular activation. This excludes sinus node reentry.
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Figure 4-12A
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Same patient as in Fig. 4-11. There has been a sudden increase in the
tachycardia cycle length to 420 milliseconds (transition not recorded,
His catheter out of position). What is the mechanism?
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Figure 4-12B

530 Explanation:
L_’_‘,g The new tachycardia appears identical to the original with the excep-
(X x tion of the cycle length, which is longer entirely due to presumed pro-
480 longation of the AH interval. The His catheter is out of position but the
S absence of bundle branch block makes HV delay very unlikely. The
o most probable mechanism is AV node reentry using a second “slower”
E x slow AV node pathway. The presence of two tachycardia rates could
Tw 430k have been predicted by examination of the curve relating AV node con-
I_ x duction time (H H,) to prematurity of an atrial extrastimulus (A A,).
T X This shows a double discontinuity, suggesting the existence of two
x X X x X CNoRT slow pathways. RT signifies onset of tachycardia.
380
X
X
x X
330 | | | | J
240 290 340 390 440 490

A, A, (msec)
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Figure 4-13A
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The record is from a young man with paroxysmal tachycardia. critical AH prolongation. Why did his tachycardia always stop spon-
Tachycardia was never recorded because it always stopped prior to taneously? CS, to CS, are coronary sinus electrograms from proximal
his arrival in the emergency department. The 12-lead ECG was nor- (4) to distal (1), respectively. CS, is positioned near the orifice of the

mal. Induction of tachycardia was by atrial extrastimuli and required coronary sinus.
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Figure 4-13B
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Explanation:

The tachycardia is irregular and the cycle length alternates from
approximately 300 to 400 milliseconds due entirely to change in the
AH interval. This suggests anterograde conduction over dual AV node
pathways and dual pathway physiology was indeed observed during
atrial extrastimulus testing. The atrial activation is eccentric (distal CS
first), suggesting left atrial tachycardia or AV reentry over a left lat-
eral AP. AV reentry was verified during the study but could have been
deduced by two observations. Spontaneous termination occurred with
an A, an unlikely event with atrial tachycardia because coincidental
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block in the AV node at the same time would have to be postulated.
During oscillation of the cycle length, the change in AH precedes
and predicts subsequent AA intervals, strongly implicating AV node
participation. The oscillation in AV node conduction time facilitated
spontaneous termination as fast pathway conduction impinged on the
refractory period of the slow pathway.

Did this patient also have “typical” AV node reentry? It would not
be expected (and was not observed) since slow pathway conduction
during tachycardia did not result in retrograde fast AV node pathway
conduction that would have preempted retrograde AP conduction.
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Figure 4-14A
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The record is from a young man otherwise well except for paroxysmal with critically timed atrial extrastimuli. What is the mechanism, and why
tachycardia. The surface ECG was normal. Tachycardia was induced is there a change in the QRS morphology?
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Figure 4-14B
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Explanation: ruled out by the delay in atrial timing after a long AH, a fact suggesting

that atrial activation is dependent on preceding AV conduction time
(the VA interval is constant despite rate irregularity). RBBB aberration
is observed after a long—short cycle sequence (Ashman phenomenon)
related to AH changes.

The tachycardia is irregular and this is related to two populations of
AH intervals, approximately 100 and 160 milliseconds. The atrial acti-
vation sequence is eccentric and the earliest A is recorded in the distal
coronary sinus (CS ). The differential diagnosis includes atrial tachy-
cardia or AV reentry utilizing a left lateral AP. Atrial tachycardia is
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Figure 4-15A
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The PVC (S) programmed into the cardiac cycle during this regular
tachycardia proves the diagnosis of AV node reentry, does it not?
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Figure 4-15B
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Explanation:

The tachycardia is regular. Both the long AH and the short VA inter-
val support the diagnosis of AV node reentry and the atrial activation
sequence is concentric as made clear by the early coupled PVC that
advances the V and exposes the atrial electrograms. The PVC does
not preexcite the next A and further supports the diagnosis. However,
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failure to advance the A does not rule out atrial tachycardia. Indeed,
failure to advance the A does not rule out atrioventricular reentry
because the AP may be decremental or far away from a right ventricu-
lar extrastimulus (i.e., left lateral). In the present example, AV reentry
is ruled out by the coincidental atrial and ventricular activation.
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Figure 4-16A

Vi
S So
RV ———{" p ——r |
RA——+—— ~ : AL
HBd ’\(‘W‘VJWL—\A’W

R

200
The patient was referred for assessment of supraventricular tachycardia, induced by ventricular extrastimuli at a critical coupling interval as well
generally exercise induced. The following tachycardia was consistently as atrial extrastimuli. What is the mechanism of tachycardia?
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Figure 4-16B
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Explanation:

The ventricular extrastimulus conducts with a concentric atrial acti-
vation sequence with slight prolongation of the VA interval. This
is compatible with conduction over the AV node. The next event is
atrial activation with an eccentric atrial activation sequence with earli-
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