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Preface

I have always been fascinated with learning more about the ECG, and
over the last eight years, | have felt a growing desire to learn more about
ECG interpretation. | feel that it is an essential tool that should be used
on a regular basis by medical personnel who care for patients. After
countless hours of study and the awareness that most people do not
have this much time to spend on this subject, | realized the need for a
“quick reference ECG recognition guide.” ECG changes can happen
quickly and decisions will need to be made “on the spot”. This book is
intended for this purpose because it can help the interpreter recognize
key elements on the ECG that are pertinent to different arrhythmias or
conditions. The book covers multiple ECGs with short descriptions of the
arrhythmias or conditions, the ECG changes that can occur, and the
clinical importance of each ECG change. The medical staff and physicians
that work in any monitored unit, especially the emergency rooms and
ICUs, should become more familiar with arrhythmias or changes that
could represent ischemia, infarction, or dangerous cardiac arrhythmias.
Hopefully, this handy pocket ECG guide will help make ECG identifica-
tion more commonplace.

I ' would like to thank the nurses in the stress testing department and
the ECG technicians at the Mayo Clinic. My two daughters, Alisa and
Haley, and other family members have been with me through the long
hours of being isolated in my office and they have supported and
encouraged me during this busy time. Without the loving support of my
husband, Mike, | would never have been able to start or complete this
project. | would also like to thank my stepfather and mother, Dr. and Mrs.
Edward H. Wyman, for encouraging me when they realized that | had a
passion for ECG interpretation in my early years of nursing.

Pam Bernath, RN, RN-C



x Preface

Pam Bernath is the major force behind this project that is designed to
provide an introduction to ECG interpretation. She identified an unmet
need for a simple text that would provide the basics of ECG interpreta-
tion for the many different healthcare providers that use the ECG on a
frequent basis. In thinking about the format of this book we were drawn
to the idea of providing an illustration oriented “field guide” for rapid
evaluation of ECGs. As a child | still remember pouring over Zim's Guide
to Butterflies and Moths (Golden Books, New York). | still have my
well-worn friend that accompanied me on afternoon and weekend day
trips to the country fields behind my house. After a short introduction,
the book covered each of the major butterfly families using drawings,
maps, and short paragraphs. This book is designed in a similar manner
with a short introduction followed by ECG examples and important
“keys” that help identify the critical diagnostic points. | hope that this
small pocket book will help you identify ECGs as you are “out in the
field,” just as Herbert Zim taught me the basics about butterflies
and moths.
| too would like to thank my family for putting up with lost weekends
and a somewhat distracted husband and dad. Finally, thank you to
Sumiko and Howard Kusumoto who encouraged a naturally inquisitive
son to look even more closely at the world around him.
Fred Kusumoto, MD



CHAPTER 1

Technical Issues

It is always a bit worrisome when the first chapter has such a dry and
uninspiring title, but it is extremely important to understand the
fundamentals of the electrocardiogram (ECG) before using the ECG as a
clinical tool. The ECG was originally developed over a century ago by
Willem Einthoven and has become one of the most important diagnostic
tools used for evaluating the heart. Very simply, the heart can be
compared to a pump with a primary function of transporting blood to
different parts of the body. “Control” of the pump requires an electrical
system and, in the heart, contraction of the chambers begins and is
controlled by electrical currents generated by cells with spontaneous
electrical activity (also called pacemaker activity). The electrical activity
produced by the heart causes small electrical changes on the skin that
can be measured using skin electrodes. Don't worry; with an average
voltage of 1 mV or less, your body won't power a flashlight. The
electrodes are connected to a recording machine with special electronics
that amplify and enhance the signal. In one subspecialty field of cardiology
called electrophysiology, instead of measuring electrical activity from the
body surface, electrical activity is measured directly from the inside of the
heart chambers using specialized catheters, that are essentially wires
coated with insulation and a metal electrode at the tip, inserted into one
of the vessels of the body and threaded to the heart itself.

Before we can talk about the ECG and the heart, we have to discuss
some extremely dry concepts that describe some of the technical issues on
how the ECG is obtained. Although this portion of the book can be
extremely mundane, details about electrodes, leads, and the ECG display
are important and form the basis for understanding the ECG. Perhaps
suffer through this first chapter with only a cursory read and come back to
this chapter after you have read some of the other portions of the book.

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



2 ECG Interpretation for Everyone: An On-The-Spot Guide

Electrode placement

The ECG uses electrodes placed on the skin to measure the cardiac
electrical activity. Obtaining good quality images is essential for proper
interpretation and requires good and stable contact between the
electrode and the skin. As an interesting aside, one of the seminal figures
of cardiology, Augustus Waller (who provided the first comprehensive
discussion of electrical activity of the heart), used a mouth electrode
as a standard position, probably because this surface allowed
better conductivity of electrical signals. In the past, to improve electrical
conductivity, specialized gel was used between the skin and the
metal electrodes. Now almost universally in industrialized nations, the
electrodes are small specially designed disposable patches that have a
light adhesive that also acts as a conductor to optimize transmission of
the electrical signal from the skin to the ECG machine. Generally, the
ECG is recorded while the patient is lying on his or her back (supine
position) to avoid artifact introduced from body movement. Sometimes
patient conditions such as tremors (Parkinson’s disease) or interference
from other electrical equipment may make recording an ECG difficult.
Within the ECG machine itself are special electronics that amplify the
electrical signal and filter the electrical signal to “clean-up” the recording.
As will be described later, sometimes the ECG is recorded while the
patient is exercising on a treadmill. In order to reduce the artifact, these
specialized machines use additional electronic circuitry to remove the
excess noise introduced by body motion.

To obtain a 12 lead ECG, 10 electrodes are placed on the extremities
and the chest (Figure 1.1). One electrode is placed on each of the four
extremities: left and right arms and left and right legs. The extremities
can be compared to “extension cords” and the ECG signal will not be
affected by the exact position of the electrode on the extremity. In
contrast, placing a limb electrode on the trunk will lead to some changes
in the signals recorded by the ECG. The remaining six electrodes are
placed on the anterior chest in specific positions. Collectively the chest
electrodes are often called the precordial (the word comes from Latin —
prae, “front of,” and cor, "heart”) leads and usually referred to as V,
through V, moving from right to left on the chest. The V, electrode is
placed in the fourth intercostal space just to the right of the sternum and
the V, electrode is placed in the fourth intercostal space just to the left of
the sternum. The V, electrode is placed in the fifth intercostal space in
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(b)
Left arm
electrode -/J R

Right arm Chest 2 v
electrode electrodes 6
\Z Vs
Vs \A
Right leg Left leg
electrode electrode
Figure 1.1:
(a): The location for the standard See the text for specific description.
10 electrodes used to record a 12 (Reproduced  with  permission
lead ECG. from FM Kusumoto, Cardio-
vascular Pathophysiology, Hayes
(b): A close-up for the exact posi- Barton Press, Raleigh, NC, 2004.)

tions of the six chest electrodes.

line with the middle of the clavicle (collar bone). The V, electrode is
placed half way between V, and V,. The V, electrode is also placed in the
fifth intercostal space at the same level as the V, electrode but is located
on the left anterior axillary line. The left anterior axillary line is an
imaginary vertical line that extends from the front crease of the armpit
(axilla is the Latin word for “armpit” or “side”). The V, electrode is placed
at the same level as the V, and V, electrodes, but in the mid axillary line
which is an imaginary vertical line drawn from the middle of the armpit.
Electrodes should be placed in regions with no or minimal hair as hair
might prevent good contact between the skin and the electrode.
Electrodes are not placed on bones because bony tissue does not conduct
electrical activity as well as muscular issue. In women, the electrodes
should generally be placed below the breast (closer to the heart) but if
necessary can be placed on top of the breast if this position is closest to
the standard electrode position. Misplacement of the chest electrodes
will lead to significant changes in the ECG recordings.
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Some experts have advocated additional chest leads that extend
around the back of the torso (V,-V,) or to the right chest (V,R, V.R, and
V,R) to provide a more complete measurement of cardiac electrical
activity. Although these additional lead positions may be extremely useful
in certain specific situations, for the purposes of this discussion the reader
should simply be aware that these additional electrode positions have
been described and might be encountered in the hospital.

Often continuous ECG recordings are obtained while the patient is in
the hospital to allow for rapid identification of cardiac problems. In this
case, the 10 electrodes required for the standard ECG (4 on the limbs and
6 on the anterior chest) can be cumbersome for a patient to have on at
all times so that depending on the system, 3 to 6 electrodes are placed
on the torso. Specialized algorithms are then used to “derive” a full 12
lead ECG in some systems. Although these recording systems are useful
for rapid evaluation of abnormal rhythms or marked changes on the
ECG, the full 12 lead ECG using 10 separate electrodes is generally
required for final interpretation of many abnormalities. For example, if a
person in the hospital develops chest pain or a sustained abnormal heart
rhythm, if possible, a standard 12 lead ECG should be obtained even if
their cardiac rhythm is being monitored.

Electrodes and leads

In order to measure any kind of electrical activity, two electrodes are
required so that the measuring device can measure the voltage difference
between the two locations. The ECG has traditionally used 12 electrode
pairs or leads to measure the cardiac activity of the heart.

The ECG leads are generally divided into the frontal leads that use the
extremity electrodes and measure electrical activity in a vertical plane,
and the precordial leads that use the six chest electrodes and measure
electrical activity in a roughly horizontal plane. Historically, the first leads
that were used are referred to by Roman numerals |, I, and Ill (Figure 1.2):
Lead | measures the voltage difference between the left arm and the
right arm electrodes (with the right arm the “negative” electrode), lead Il
measures the difference between the right arm and the left leg electrodes
(with the right arm as the "negative” electrode), and lead Ill measures
the difference between the left leg and the left arm (with the left arm
as the “negative” electrode). The right leg electrode is used as a ground.
The ground is important for defining the zero voltage since ECG leads
measure voltage differences rather than absolute values. From a practical
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Bipolar limb leads

) (+) )

Unipolar limb leads

o)

(+)

Figure 1.2:

The electrodes used for obtaining
the frontal leads of the ECG: |, II, Ill,
aVR, aVL, and aVF. Leads aVR, aVL,
and aVF are often called the unipo-
lar limb leads because they record
the voltage change in one of the

extremities relative to an averaged
value of the other electrodes.
(Reproduced with permission from
FM  Kusumoto, Cardiovascular
Pathophysiology, Hayes Barton
Press, Raleigh, NC, 2004.)

standpoint, the ECG machine uses the signal from the ground to help
filter extraneous electrical noise. The other three frontal leads are referred
to by the shorthand aVR, aVL, and aVF and one electrode (the positive
electrode) at the right arm, left arm, and left leg respectively compared
to a composite electrode that is the averaged voltage from the remaining
two electrodes. The small letter “a” is for “augmented” since the signal
obtained is augmented or larger because the second electrode used is an
averaged voltage from the other two limb leads.

Since leads |, II, lll, aVR, aVL, and aVF measure activity in the same plane
they are always considered together and traditionally represented by a
large circle with the negative electrodes for each of the leads aligned in the
middle of the chest (Figure 1.3). The positive electrodes extend outward in
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(a) Frontal plane leads

Frontal plane formed by
leads |, Il, and Ill and the
three unipolar leads

(b) Horizontal plane leads

Horizontal plane formed
by chest leads ﬂ

7

Figure 1.3:

(a): the limb leads with the nega-
tive terminals aligned in the center
of the torso fan out in a single
plane called the frontal plane.

(b): The precordial leads with the
negative terminal aligned in the

center fan out in a horizontal
plane that is perpendicular to the
frontal plane. (Reproduced with
permission from FM Kusumoto,
Cardiovascular  Pathophysiology,
Hayes Barton Press, Raleigh, NC,
2004).
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a circle in a single plane called the frontal plane. Specific orientations in the
frontal plane are defined by the degrees of a circle with the horizontal axis
toward the left is defined as 0° with positive values in the clockwise
direction and negative values in the counterclockwise direction. In this way
each of the extremity leads can be defined by a specific orientation: I, II, and
Il are 0°, 60°, and 120° respectively and aVR, aVL, and aVF are —150°, —30°,
and 90° respectively. One way that can help you visualize this is a compass
with North, East, South, and West equal to —90°, 0°, 90°, and 180°.

For the precordial leads electrical activity is measured between one of
the six chest electrodes and the sum of the left arm, right arm, and left
leg signals which is generally close to zero since the signals tend to cancel
out (Figure 1.2). The composite electrode is considered the negative
electrode and the electrode on the anterior chest as the positive electrode.
With the negative electrode placed in the middle of the torso, the positive
electrodes of the precordial leads fan out in a horizontal plane that is
roughly perpendicular to the frontal plane (Figure 1.3).

Although truthfully voltage differences are measured between two
electrodes, by convention the positive electrode of any electrode pair is
used to indicate the general orientation of a specific lead. Don't get too
wrapped up into positive and negative electrodes (as it does not help the
clinician very much), it is easier to think of the positive electrode as
the location of the “sensor” for a particular lead receiving input from the
heart. Thinking in this fashion the 12 leads of the ECG in the frontal and
horizontal planes provide a relatively comprehensive 3 dimensional
“sensor net” for evaluating the electrical activity of the heart. One useful
analogy is to compare the positive electrodes of an ECG to windows
located on different walls of a building. By looking through all of the
windows at the same time, the viewer (“peeping Tom?!”) can get a fairly
good idea of what is going on inside.

Clinically, the 12 leads can be grouped or divided based on the general
orientation of the positive electrode relative to the heart (Figure 1.4).
Leads Il, Ill, and aVF are collectively called the “inferior leads” since they
are oriented with the positive electrode “pointing upwards” and are in
the best position measure electrical changes occurring on the bottom of
the heart. Leads |, aVL, V,, and V, are called the “lateral leads” since they
best measure electrical activity on the left side of the heart, and leads V,,
V,. V,, andV, are called the “anterior leads.” Sometimes leads V, and V,
are further subclassified as “anteroseptal.” Lead aVR is the only lead that
is oriented on the right and best measures activity from the right side
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Frontal plane formed by
leads |, Il, and Ill and the
three unipolar leads

..... Lateral leads:

Horizontal plane avL, I, Vs Ve
formed by

chest leads

Anterior leads: V1:V4 Inferior leads: II, Ill, aVF

Figure 1.4:

Combining Figure 1.3A and 1.3B anterior, inferior, and lateral.
and showing the positive elec- (Adapted with permission from
trodes as “sensors.” Notice that FM  Kusumoto, Cardiovascular

certain leads can be grouped Pathophysiology, Hayes Barton
together based on their general Press, Raleigh, NC, 2004.)
orientation relative to the heart:

(perhaps with a little contribution from leads Ill and V,). Grouping the
leads in this way is very helpful for identifying myocardial (heart muscle)
injury and localizing the region of damage.

Since the positive electrodes of the leads are oriented in different
positions around the heart, the shape of the deflections recorded on a lead
will give the clinician some clue of the direction of depolarization. The
electrical activity of cardiac cells is generally divided into two periods. When
the cell is excited it is depolarized and this leads to contraction in heart
cells. After a short period of time (about 0.4 seconds) the cell repolarizes
and the heart cell relaxes. The terms depolarization and repolarization can
sometimes be confusing but they come from the fact that at rest cells have
a negative charge and when the cell is excited the charge is approximately
zero (the cell has lost charge or has been depolarized).
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“Large”box:  “Small” box:
5mmx5mm 1Tmmx1mm

B :
AL N A

2"“Large”boxes=1mV

5“Large”boxes=1 second

Figure 1.5:

ECG paper is divided into 1 mm x 5 large boxes (25mm) is equal to
Tmm “small” boxes that are one second and, in the vertical
grouped together in 5x5mm direction 2 large boxes (10mm) is
“large” boxes. At standard set- equal to 1 mV.

tings, in the horizontal direction,

Progressive activation of the heart cells leads to a wave of depolarization
that is measured by the ECG. By convention, when depolarization travels
toward the positive electrode a positive deflection is recorded and if the
wave of depolarization is travelling away from the positive electrode a
negative deflection will be recorded. Conversely if the direction of
repolarization is oriented toward the positive electrode of an ECG lead a
negative deflection will be recorded. To continue our earlier “window
and building” analogy, we can think of the electrical activity of the heart
as a person walking inside the building. As the person walks toward a
window in the front of the building, he appears larger (and the electrical
signal is positive), but from a window in the back, he is walking away so
he looks smaller (and the electrical signal is negative). In the next chapter
we will discuss the specific shapes of waves due to atrial and ventricular
depolarization and ventricular repolarization (we will also explain why we
cannot evaluate atrial repolarization).

Displaying the ECG

ECG recording paper is divided into “small boxes” that are Imm by 1 mm
and “large boxes” that are 5mm by 5mm (Figure 1.5). Usually the ECG
machine is set so that a 1 mV signal will lead to a 10 mm deflection in the



10 ECG Interpretation for Everyone: An On-The-Spot Guide

Frontal leads Precordial leads
I aVR Vi e V4

s

Figure 1.6:

Top: The most common standard display of the ECG shows the 12 leads
as four columns and three rows. The first column displays leads |, Il, and Ill.
The second column displays aVR, aVL, and aVF. The third column displays
V. V,, and V,. The fourth column displays V,, V,, and V,. In this way the
frontal leads are grouped as the first two columns and the precordial
leads are grouped as the second two columns. A standardization mark
(*) is always shown on the far left.

Bottom: A second standard display shows all of the leads one on top of
another usually in the following order: I, II, lll, aVR, aVL, aVF, V., V,, V,,
V,. V., and V,. Both the top and the bottom ECGs are from the same
person. Notice that the bottom ECG has smaller signals because it was
recorded at “half standard.” (Look at the standardization mark (*), a
1 mV signal made only a 5mm signal.)
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Anterior leads

(V1-V4)

EFERERTEEE . . u ||
| aVR Vi v4! . {
P A | 1 .|.l.'\ ___ll_z'\___ll

Il aVL V2 | | V5
§ : ' i i e

I aVF vi | V6
I

Inferior leads
(11, 111, aVF)

Figure 1.7:

Using the standard format combining Figure 1.4 and 1.6 that emphasizes
and groups the ECG leads that look at similar areas of the heart: The
inferior leads, the anterior leads, and the lateral leads.

ECG in the vertical direction. In the horizontal direction, the usual paper
speed is 25mm per second so that each large box (5mm) represents
0.20 seconds and each little box (1 mm) represents 0.04 seconds. The
settings of an ECG machine can generally be determined by looking for
a standard mark usually at the far left of an ECG, where a 1 mV signal for
0.2 seconds is delivered. If the ECG machine is set to its usual settings this
leads to a standardization mark signal that is 10 mm tall and 5mm wide
(Figure 1.6). If the paper speed is decreased to 12.5mm per second, the
signals become more compressed on the horizontal axis because each
large box represents 0.40 seconds and if the paper speed is increased to
50mm per second (10 large boxes equals one second), each large box is
0.10 seconds. In the same way if the voltage standard is halved then a
1 mV deflection leads to a 0.5mm deflection and the size of the signal
will be “squished” (Figure 1.6). In general these other settings are not
used for the 12 lead ECG.

Although monitors still use specially designed paper that produces
long “strips” of signals, for the sake of convenience and easier evaluation
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of all 12 leads, 12 lead ECGs are generally printed on standard letter size
paper. Most commonly, the 12 lead ECG is displayed in four columns and
three rows (Figure 1.6). The first column shows |, I, and lll, the second
column shows aVR, aVL, and aVF, the third column shows V., V,, and V,
and the fourth column shows V,, V,, and V,. Just remember that the
first two columns are frontal leads and the second two columns show
the precordial leads. If the ECG is set at the standard paper speed, on
standard letter paper, the full ECG records 10 seconds of electrical activity
and each lead has 2.5 seconds of recording. A standard piece of paper is
279mm long or about 55 “large” boxes. Another format usually called a
rhythm strip shows a single lead for 10 seconds. Three to twelve leads are
shown one on top of another (Figure 1.6).

Using the standard format, the inferior leads (Il, lll, and aVF) take up
the “bottom left corner” of the ECG, the anterior leads (V1-V4) are in
the “upper right corner”, and the lateral leads (V5,V6, |, and aVL) are
scattered all over (Figure 1.7).



CHAPTER 2

The Normal ECG

Before we can discuss the normal ECG, a quick review of the anatomy
and the function of the heart is essential to provide a framework for our
discussion. Unoxygenated blood from the body returns to the heart via
the large superior and inferior vena cavae. Blood from these large veins
enters into the right atrium and if the tricuspid valve is open the right
atrium is a large passive “passage way."” Atrial contraction causes a final
surge of blood to fill the right ventricle and as the ventricles contract the
tricuspid valve closes and the pulmonic valve opens and blood is expelled
from the heart and is pumped to the lungs (Figure 2.1). Once oxygenated
by the lungs the blood returns to the heart via the left atrium, and in a
process similar to the right, blood flows fills the left ventricle both
passively and actively when the left atrium contracts. When the left
ventricle contracts, the mitral valve closes and the aortic valve opens and
blood is expelled from the heart to the body. This process seems
extremely complex but is actually fairly simple if we think about cardiac
activity from two different vantage points. From the perspective of a
single blood cell, blood travels sequentially through the vena cavae, right
atrium, right ventricle, and pulmonary arteries to the lungs. Once
oxygenated the blood cell travels through the pulmonary veins back to
the left atrium, left ventricle, and finally is propelled into the aorta. From
the perspective of heart cells, there is near simultaneous activation of the
right and left atria and after a slight delay almost simultaneous activation
of the right and left ventricles. This sequential pumping process is
controlled by electrical signals generated by the heart that can be
measured by the ECG.

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.

13



14 ECG Interpretation for Everyone: An On-The-Spot Guide

Oxygen-poor,

Oxygen-rich
CO3-rich blood

COz-poor blood

PULMONARY CIRCULATION

SYSTEMIC CIRCULATION



The Normal ECG 15

Normal electrical activity of the heart

Atrial depolarization

Certain specialized cells exhibit spontaneous depolarization and are
called “pacemaker” cells. Although cells in the AV node, His Purkinje
system, and sometimes atrial and ventricular tissue exhibit spontaneous
activity, since the rate of spontaneous depolarization is highest in a
region called the sinus node, the sinus node generally serves as the prin-
cipal pacemaker of the heart.

The sinus node is a small spindle shaped structure located at the
junction of the superior vena cava and the right atrium. The sinus node
has spontaneous pacemaker activity between 60-100 beats per minute.
The sinus node receives nerve input from both the sympathetic and
parasympathetic autonomic system and this is why the heart rate varies.
With exercise, increased sympathetic input leads to an increase in the
rate of spontaneous pacemaker activity that in turn will lead to faster
depolarization of the atria and ventricles (and faster heart rates when you
measure the peripheral pulse). At night, increased parasympathetic input
leads to a slowing of the pacemaker rate. Sometimes this dynamic
interplay can be observed during breathing. As a general rule, with slow
inspiration the heart rate slows (check your own pulse) and with
expiration the heart rate increases (particularly if you do not immediately
take another breath). Although it initiates electrical activation, the sinus
node is so small that the current it generates cannot be seen on the
surface ECG (Figure 2.2).

Figure 2.1:
Basic diagram of blood circulation
in the body. Deoxygenated blood

oxygenated in the lung and
returns to the left atrium via the

returns to the heart from the
body via the inferior and superior
vena cavae. Blood enters the right
atrium and sequential right atrial
and right ventricular contraction
pumps blood to the lungs via
the pulmonary arteries. Blood is

pulmonary veins. Sequential con-
traction of the left atrium and left
ventricle pumps the oxygenated
blood into the aorta. Blood is
then distributed to the body and
the cycle repeats. (lllustration by
David Factor.)
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The pacemaker activity produced by the sinus node is propagated
through the atria, and since the sinus node is located “high and to the
right,” the right atrium is activated before the left atrium and the general
direction of atrial depolarization is “high to low” and “right to left.”
Depolarization of the atrial tissue leads to release of Ca?* ions from the
sarcoplasmic recticulum in the cells of the atrium that in turn causes the
heart cells to contract. On a larger scale, contraction of all of the atrial
cells leads to contraction of the atrial chamber and provides the final
filling of the right ventricle. It should be apparent that this is a fairly
complex process and that there is a small but measurable delay between
atrial depolarization and actual movement of blood (1. atrial cell is
excited; 2. Ca* ions are released; 3. atrial cells (chambers) contract; and
4. blood moves). Electrical activity generated by atrial depolarization
produces the P wave on the ECG.

Although depolarization of the sinus node cannot be seen on the ECG,
evidence that the sinus node is generating the electrical impulse can be
obtained by inspecting the shape of the P wave. If the sinus node is
“driving” the heart, the P wave is negative in aVR and positive in lead Il
("high to low” and “right to left”). Generally right atrial and left atrial
depolarization proceed in the same direction so that in a given lead the P
wave is positive or negative. Relook at Figure 1.6 from Chapter 1, and
notice that the small P wave is generally either all negative (lead aVR) or
predominantly positive (the rest of the leads). The common exception is
lead V. (Figure 2.3). In this case, right atrial depolarization travels “toward”
V, leading to an initial positive deflection, but sometimes a later negative
deflection can be observed because of left atrial depolarization. In fact if
you refer to Chapter 8, Figure 8.14 on left ventricular hypertrophy, you
will see that a large negative deflection in lead V, is an important indicator
of left atrial enlargement.

Right and left atrial depolarization is usually complete within 0.10
seconds so the normal P wave is 2-3 little boxes wide. The atria have a

Figure 2.2:

(a). The ECG deflections of (b). The specific points where
the different portions of the different portions of the heart are
heart and commonly measured depolarized in relation to the

intervals. surface ECG.
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Right Left
atrium atrium

Sinus
node Left oW

ventricle

Right
ventricle

Figure 2.3:

Atrial depolarization relative to leads V, and V,. Notice that since the
sinus node is located in the right atrium, the right atrium is depolarized
before the left atrium.

very small mass compared to the ventricles so the normal P wave is usually
less than 2.5mm (two and a half little boxes) tall. Atrial repolarization
generates voltages so small it is not seen on the ECG.

Atrioventricular conduction
(AV node, His bundle, bundle branches, and Purkinje system)
Once the atria are depolarized and the atria contract, blood is pumped
into the right and left ventricles. As has been mentioned, the speed of
electrical activity is much faster than the speed of blood, so to better
improve the timing of atrial and ventricular contraction, the electrical
impulse of atrial depolarization encounters the AV node where the con-
duction velocity is slowed. At this point, the atria are completely depolar-
ized and the ventricles are about to be depolarized. Since there is no
electrical activity that can be measured by the ECG (the electrical impulse
traveling through the very small AV node cannot be measured from the
body surface), an isoelectric period can be observed on the ECG (Figure
2.2). The duration of the isoelectric period will depend at least in part on
the speed of the electrical impulse through the AV node. For example, if
the electrical impulse is abnormally slow through the AV node, a long
isoelectric period will be observed.

After slow depolarization of the AV node, the velocity of activation
speeds up as the impulse travels through the His Purkinje system. The
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His Purkinje has several components (His bundle, right and left bundles,
Purkinje tissue) but all have similar electrical properties and are able to
rapidly conduct electrical impulses. The electrical impulse first travels
through the common bundle or bundle of His (named for its discoverer
Wilhelm His) and divides into a large left bundle that activates the left
ventricle and a thinner right bundle that activates the right ventricle.
The left bundle further divides into two major components: the left
anterior fascicle and the left posterior fascicle. The terminal portions of
these branching bundles and fascicles are a network of Purkinje tissues
that spread out as a net in the interior surface of both the right
and left ventricles. Although the His Purkinje system allows rapid
conduction and is extensive, its overall mass is relatively small so
activation of these tissues cannot be observed on the surface ECG. In
fact, abnormalities of components of these systems are deduced
because different portions of the ventricle are activated abnormally. In
general, the normal His Purkinje system allows the electrical impulse to
be "delivered” to large portions of the ventricle at nearly the same
time so that right and left ventricular depolarization can start simulta-
neously and blood can be efficiently and forcefully expelled from the
heart. If the His Purkinje system were not present or functioned
abnormally some regions would contract before others and blood
would not be pumped as efficiently.

Ventricular depolarization

Ventricular depolarization leads to a large deflection called the QRS
complex. Ventricular depolarization has historically been called the QRS
because it is made up of multiple components that are called Q waves, R
waves, and S waves. Since describing the shape and the components of
ventricular depolarization is very important, a common “language” for
describing the QRS complex has been developed and is important to
learn. Although the nomenclature can seem daunting, arbitrary, and
confusing at first, it is actually easily learned and applied. The first negative
deflection is called a Q wave, the first positive deflection an R wave, and
any negative deflection after the R wave is called an S wave. Capital let-
ters are used for large deflections and lower case letters for smaller deflec-
tions. In general larger deflections are produced because of larger mass or
a more uniform direction of depolarization. If the ventricles are depolar-
ized in several directions, the sum of their voltage as measured by the
ECG will be smaller due to canceling out of activity. The decision on
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R-first positive deflection

Q-Negative deflection S-Negative deflection
before a positive deflection after a postive deflection

T/\‘ qR _/\/7 RS
Figure 2.4:

Nomenclature  for  ventricular ECG Interpretation: From Patho-
depolarization (QRS complex) and physiology to Clinical Application,
some examples. (Reproduced with Springer, New York, NY, 2009.)
permission from FM Kusumoto,

whether to use a capital letter or a lower case letter is often made by the
clinician. A completely positive deflection is called an R wave and a com-
pletely negative complex is called a QS complex. Additional positive and
negative deflections are described using a prime symbol: r’ or s" depend-
ing on whether an additional positive or negative deflection is observed.
Figure 2.4 shows some common complexes and their descriptors.

Normally the left ventricle has a larger mass than the right ventricle,
so that even though the right and left ventricles are activated
simultaneously the shape of the QRS complex is dominated by the left
ventricle. For this reason, the general direction of ventricular
depolarization in the frontal plane recorded by the limb leads is right to
left and “high to low"” (Figure 2.5).
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Vavr~

Figure 2.5:

The general direction of cardiac depolarization (in this case, lead II).
activation in the frontal plane is (Adapted with permission from
called the cardiac axis. The largest FM  Kusumoto, Cardiovascular
positive deflection will be recorded Pathophysiology, Hayes Barton

in the lead that is oriented most Press, Raleigh, NC, 2004.)
directly in the path of ventricular

The cardiac axis is used to more precisely calculate the direction of
ventricular depolarization. The value of the axis is given in degrees using
the lead alignment shown in Figures 1.3 and 1.4 in Chapter 1. A normal
cardiac axis can have a wide range between —35° and 110° but is usually
about 60°. The easiest way to calculate the cardiac axis is to remember
that the ECG lead that is “looking” most directly at the wave of
depolarization will have the largest positive deflection with smaller
positive deflections recorded as the recording lead “looks” at the wave
of depolarization from larger and larger angles. When the lead is
perpendicular to the wave of depolarization a biphasic signal that is first
positive and then negative is recorded (Figure 2.6). For most people, the
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Figure 2.6:

The shape of the QRS complex
will depend on the relationship
between the wave of cardiac
depolarization and the orientation
of the lead. If the lead is directly in
front of the depolarization wave
a large positive signal will be
recorded. As leads are oriented
away from the wave of depolariza-
tion, the size of the positive wave

will decrease and a terminal nega-
tive wave will be recorded as the
wave of depolarization is traveling
away from the lead. When a lead
is perpendicular to the depolariza-
tion wave an equally biphasic
wave will be recorded. When the
wave of depolarization is directed
away from the lead a negative
deflection will be recorded.
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largest QRS complex is observed in lead Il and a completely negative QRS
complex is often recorded in aVR (Figure 1.6 in Chapter 1).

If the axis is abnormally shifted to the right > 110° the largest positive
wave will be recorded in lead Il and if the axis is shifted to the left the
largest R wave will be in aVL. Traditionally large sections of texts have
been devoted to calculating the exact value of the QRS axis. Although
useful for making sure someone knows the basis of ECGs, from a clinical
standpoint estimating the general direction of ventricular depolarization
is all that is required. The general direction of ventricular depolarization
can be calculated by at least three different methods:

Find the lead with the largest QRS, and the mean electrical activation
travels in the direction of the lead. If 2 leads are about the same height,
the axis will be between these 2 leads.

Find the most isoelectric lead (most biphasic) and the largest QRS should
be perpendicular to this lead. The lead with the largest QRS represents
the general direction of the axis. Each limb lead has a corresponding
perpendicular limb lead to form a pair: lead | and lead aVF; lead Il and
lead aVL; lead Il and lead aVR.

The mean QRS axis can be calculated by the limb leads | and aVF. Keep in
mind the four quadrants that are divided by 90 degrees.

e If lead | is positive and lead aVF is positive, the axis is normal because
it falls between —30 to +110, which is the normal axis (normal
quadrant).

o If lead | is positive, lead aVF is negative, and lead Il is also negative, it
falls between —30 and —90 which is left axis deviation (left quadrant).

e If lead | is negative and lead aVF is positive, this is a right axis deviation
(right quadrant).

e If lead | is negative and lead aVF is negative, then this is extreme right
axis deviation (northwest quadrant (using our compass analogy in the
last chapter) or “no man’s land”).

Of these three methods, simply looking for the limb lead with the largest
R wave is generally sufficient and the easiest method to remember.
Although the QRS axis can be abnormal due to abnormalities of the
heart, it is also important to remember that the cardiac axis reflects the
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Figure 2.7:

In the horizontal plane, the more mass than the right ventri-

precordial leads generally record
two components of ventricular
depolarization. First septal activa-
tion proceeds from left to tight
and then a larger right to left
wave of depolarization is observed
since the left ventricle has much

cle. This second component of
ventricular activation is usually
much larger than septal activa-
tion simply on the basis of mass
(mass of the septum is small
relative to the rest of the left
ventricle).

position of the heart relative to the body so will also be affected by
conditions that change the position of the heart within the thorax. For
example, in chronic obstructive lung disease the heart may hang more
vertically in the chest and this leads to a more rightward axis even in the
absence of any abnormalities of the heart itself.

The shape of the QRS complex in the precordial leads can also vary
with the relative orientation of the ventricles in the chest cavity. Generally
the QRS complex in lead V, has an rS morphology. Initial septal activation
occurs from left to right (because the left bundle branches off “first”
compared to the right bundle) and since the left ventricle is usually
positioned behind the right ventricle a large negative deflection is
observed (Figure 2.7). In lead V,, the QRS complex will often have a small
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q wave due to “left-to-right” septal activation followed by a large
R wave due to left ventricular activation. Often the term R wave
progression is used to describe the relative sizes of the R waves in the
precordial leads. In lead V, and lead V, small r waves are present because
they represent septal activation, but the R wave becomes larger laterally
as it now represents left ventricular depolarization. The precordial leads
where the R wave and S wave are approximately equal is called the
transitional zone and usually occurs between leads V, and V,, with lead
V, being the most common site.

As has been mentioned, the His Purkinje system is important for allow-
ing simultaneous left ventricular and right ventricular activation. This phe-
nomenon can be seen in the ECG, despite the ventricle being significantly
larger than the atria and thus the QRS has a larger amplitude than the P
wave, the duration of the P wave and the QRS complex are normally fairly
similar — generally a little less than three little boxes or < 0.12 seconds.

ST segment

Once depolarized, the ventricles continue to contract for about 0.4 to
0.45 seconds to allow blood to be expelled from the heart to the lungs
or body. During this period, the ventricular cells are in their plateau phase
(they remain depolarized) so there are usually no electrical gradients that
can be measured by the ECG so that after the QRS complex there is an
isoelectric period often called the ST segment. As we will see later,
changes in the ST segment are important for identifying myocardial injury
and ischemia.

Ventricular repolarization

As ventricular contraction is completed, the ventricles begin to
repolarize and return to their baseline state to prepare for another
depolarization/contraction sequence. Ventricular repolarization pro-
duces the T wave. Ventricular repolarization is much more hetero-
geneous when compared to ventricular depolarization (which is
mediated by the His Purkinje system) and this leads to a T wave that
is more broad based and generally of lower amplitude (think
“squashed”) when compared to the QRS complex. It is an interesting
paradox that the normal T wave generally is in “the same direction”
as the direction of the QRS complex because depolarization proceeds
from endocardium to epicardium (“inside—out”) and repolarization
proceeds in the opposite direction from epicardium to endocardium
("outside—in") (Figure 2.8). Part of the basis for this apparent
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Figure 2.8:

Depolarization (Top) and repolari-
zation (Bottom) of the ventricles
as observed in the frontal plane.
Depolarization  occurs  almost
simultaneously because of the His
Purkinje system. Depolarization
occurs from endocardium to
epicardium and since the left
ventricle has a larger mass than
the right ventricle the overall
direction of depolarization is from
right to left and from the superior

portion of the ventricles to the
lower portion of the ventricles. In
general this leads to an axis of
approximately 60° so that a large
R wave is noted in lead I, an
RS complex is observed in aVL
(depolarization travels toward
and then away from this lead),
and a QS complex is noted in lead
aVR. Depolarization occurs from
epicardium to endocardium in a
more gradual fashion. This leads
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paradox is that the epicardial cells have a shorter action potential
duration than endocardial cells.

Timing of normal cardiac activity

In the first section of this chapter we focused on the shape of the various
waveforms but one of the important uses for the ECG is measuring the
timing relationship of different cardiac events.

Heart rate (R-R interval)

The most basic timing measurement of the ECG is the heart rate. Since
the pulse is generated by ventricular contraction, the distance between
two QRS complexes (the R-R interval) will provide an estimate of the
heart rate. Remember that each large box represents 0.20 seconds so
slower heart rates will be associated with larger distances between QRS
complexes. For example if the heart rate is 60 beats per minute, QRS
complexes will occur once every second and the QRS complexes will be
separated by 5 large boxes at the standard paper speed. If the heart rate
is 100 beats per minute only 3 large boxes or 0.60 seconds will separate
each QRS complex. One can do the math and calculate the exact heart
rate by using the formula:

Heart rate (beats per minute) = 60 / (the R-R interval in seconds)

This formula is accurate but can be rather cumbersome (and hard to
remember) in clinical medicine. Since the importance of determining the
exact heart rate is rarely clinically important, it is much easier to estimate
the rate by the following formula (Figure 2.9):

Heart rate (beats per minute) = 300 / (the number of large boxes
between two QRS complexes)

Figure 2.8: (Contd)

to an upright T wave in I, a flat QRS and T wave orientation is usu-
(slightly inverted in this example) in ally the same. (Reproduced with
lead aVL, and an inverted T wave permission from FM Kusumoto,
in aVR. Notice that since repolari- ECG Interpretation: From Patho-

zation is generally in the opposite physiology to Clinical Application,
direction than depolarization, the Springer, New York, NY, 2009.)
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P 5

RRinterval

Figure 2.9:

Calculation of rate and common
intervals. In this case the QRS com-
plexes are separated by 4 large
boxes (R-R interval) so the rate is
approximately 75 bpm (300/4).
The PR interval is measured from
the beginning of the P wave to the
beginning of the QRS complex.
The QRS interval is measured from
the beginning of the QRS complex
to the end of the QRS complex.

PRinterval iwi~—s-:

QT interval

-~

“Two QT intervals are less
than the RR interval”

QRS ir{terval

The QT interval is measured from
the beginning of the QRS complex
to the end of the T wave. In gen-
eral the QT is normal if it less
than half the R-R interval (“You
can fit two QTs into one R-R").
(Reproduced with permission from
FM Kusumoto, ECG Interpretation:
From Pathophysiology to Clinical
Application, Springer, New York,
NY, 2009.)

So that if the QRS complexes are separated by two large boxes the heart
rate is 150 bpm, three large boxes yields a heart rate of 100 bpm, four
large boxes 75 bpm, and five large boxes 60 bpm. Finally, another very
simple way to estimate the rate is to remember that at a standard paper
speed of 25mm/s most 12 lead ECGs record 10 seconds of cardiac activ-
ity. Simply count the number of beats and multiply by 6.

In most cases the rate of atrial activity will be the same as the rate
calculated from ventricular depolarization (R-R interval) since the sinus
node is normally the “driver” of the heart and the AV node/bundles
conduct every atrial impulse to the ventricles. In some cases the atrial
rate will be slower than the ventricular rate either due to more rapid
ventricular depolarization or slower atrial activity due to abnormalities in
sinus node function. In both of these conditions there will be more QRS
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aVF
Figure 2.10:
Measurement of the QT interval. the T wave. In this case a
The end of the T wave is best prominent U wave is observed
calculated by drawing a tangent that should not be included in the
line along the steepest portion of measurement of the QT interval.

complexes than P waves. Conversely, sometimes the atrial rate will be
more rapid than the ventricular rate because atrioventricular conduction
does not maintain a 1:1 relationship between atrial depolarization and
ventricular depolarization (more P waves than QRS complexes).

PR interval

The PR interval is measured from the beginning of the P wave to the
beginning of the QRS complex (Figure 2.2). The PR interval provides an
estimate of atrioventricular conduction and represents right atrial depo-
larization (remember AV node conduction usually begins near the end of
right atrial depolarization and at the same time left atrial depolarization
begins since the AV node is located in the interatrial septum between the
right and left atria), AV node depolarization, and His Purkinje depolariza-
tion. The normal PR interval gets longer with age, but for adults is < 0.20
seconds and is most commonly about 0.16 s (4 little boxes).
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QRS interval

The QRS interval is measured from the beginning of the QRS complex to
the end of the QRS complex and provides a rough estimate of the time
required for depolarization between the first portions of the ventricle to
be activated to the last portion of the ventricle to be depolarized. The
normal QRS interval is < 0.12 seconds (3 little boxes). Generally, the pos-
terior portion of the left ventricle closest to the spine is the last ventricular
site to depolarize although this can change if there is blocked conduction
in either the left or right bundle. In fact, the hallmark for identifying
block in one of the bundles is a widened QRS interval > 0.12 seconds
(Chapter 7, Figures 7.1 and 7.2; Chapter 8, Figures 8.1 and 8.2).

QT interval

The last commonly measured interval is the QT interval. The QT interval
is measured from the beginning of the QRS complex to the end of the T
wave. The end of the T wave can sometimes be difficult to measure
because the T wave has a much more gradual upslope and downslope
but drawing a tangent line along the steepest part of the descending
portion of the T wave has been advocated and accepted as the best way
to measure the QT interval (Figure 2.10). Most commonly the QT inter-
val is measured in lead Il although recent guidelines recommend using
the lead with the longest QT interval (usually lead V, or V,). Measurement
of the QT interval in leads V, and V, can be sometimes be more difficult
to measure because of a U wave. A U wave is a very low amplitude
signal that is probably due to rapid filling of the ventricles rather than
another wave of repolarization. It is usually seen as a positive wave in
leads V, and V, and is more commonly seen with slower heart rates.
Although there has been some disagreement in the past, since the U
wave does not appear to be due to ventricular repolarization most now
agree that it should not be included in the measurement of the QT
interval. The QT interval measures the time between the first ventricular
cell to depolarize and the last ventricular cell to repolarize, and provides
a rough estimate of the duration of the plateau phase of ventricular tis-
sue. As described in Chapter 6, Figures 6.7-6.14, the QT interval is pro-
longed in patients with electrolyte disorders, certain medications, and
may be congenitally long due to abnormalities of K* channels. The QT
interval is longer in women and decreases with rate. For this reason the
QT interval is usually corrected to rate by an algorithm and called the
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QTc where “c” stands for “corrected.” The most common method for
correcting the QT interval for rate is the Bazett's formula:

QTc = QT (seconds) / (R—R)"2

Where “R—-R" is the R-R interval in seconds. Several other techniques for
rate correction have been suggested but the Bazett's correction is the
most commonly used and the one provided by most automated ECG
algorithms. A QTc > 450 s in men or > 460 s in women have been used
as cut—off values for dividing normal and abnormal values but it should
be remembered that in reality the QTc can vary from many causes and
there is significant overlap in QTc intervals between patients with known
genetic disorders that cause QTc prolongation and the normal popula-
tion. An easy way to “get a feel” on whether the QT interval is prolonged
is to remember that in general the QT interval should be less than half the
R-R interval. Given the obvious difficulty in measuring the QT interval it
is not surprising that even cardiologists, who are physicians that special-
ize in heart diseases, often incorrectly measure the QT interval.



CHAPTER 3

ECG Interpretation Basics

Now we come to the art of evaluating the ECG and using it in clinical
context. Although computer analysis of the ECG has become far more
accurate over the past two decades, the ability to carefully interpret an
ECG remains an important skill in clinical medicine. However, although
the ECG may be extremely useful, it is important to remember that, at
best, the ECG provides supplementary information to a careful history
and physical examination.

Traditionally ECG interpretation is taught by sequentially calculating
the heart rate, measuring the cardiac axis, measuring cardiac intervals,
evaluating the P wave, the QRS complex, the ST segment, and then the
T wave. However, in clinical practice we appropriately focus on identify-
ing potential life-threatening problems first. In fact, we believe that, in
general, most of clinical training focuses on being able to distinguish
“very, very” sick from “not-so” sick. In these emergent and urgent situ-
ations the ECG is really useful for 1) evaluating abnormally fast and slow
heart rates and 2) identifying myocardial injury.

With this in mind, use the algorithm in Figure 3.1 for your initial
analysis of the ECG. First, make an initial assessment of the heart
rhythm. Make sure that P waves are present and that every P wave
results in a QRS complex, and, most important, that the overall heart
rate is between 50 and 110 beats per minute. If these statements are
true, then the heart rhythm is not life-threatening (although not
necessarily normal). The point here is that any heart rhythm with these
characteristics (P waves and QRS complexes with a 1:1 relationship at a
normal rate) should be able to provide sufficient blood flow to the lungs,
brain, and the rest of the peripheral circulation. Second, the ST segment
after the QRS complex should be evaluated. The ST segment should be
isoelectric — in other words, the segment separating the T wave and

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
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T-P/PR/ST line sy - ST segment elevation

T-P/PR/STIiN€ vy frr o =~ ST segment depression

T-P/PR/ST line uhl \ A Isoelectric ST segment

Figure 3.2:
Evaluation of the ST segment. Use the T-P and PR segment (dotted line)
to estimate the level of an isoelectric ST segment. ST segment elevation
is an ST segment above this imaginary line, ST segment depression is an
ST segment below this line, and an isoelectric ST interval will be level and
near this line.

the P wave of the next beat (sometimes called the T-P interval and the
period when the ventricle is filling “passively” without atrial contraction),
the PR interval, and the ST segment should all be at the same level
(Figure 3.2). If the ST segment is elevated or depressed, particularly if
the patient is also complaining of chest pain or shortness of breath,
myocardial injury may be present. No mystery, no voodoo, and no
hocus pocus: probably 90-95% of emergent conditions in which the
ECG provides rapid information that requires immediate clinical
treatment is addressed by evaluating these two issues. If the rhythm is
normal and the ST segments are isoelectric (“Yes and Yes"),
interpretation of the ECG can take a more leisurely pace once the
patient has been attended to.

It is important to remember that a comprehensive analysis of
the ECG can have many components (Figure 3.3). In general, although
all of these components fall into three major groups: Evaluation of
the rhythm (Chapters 9-11), evaluation of ventricular depolarization
(Chapters 7 and 8), and evaluation of ventricular repolarization
(Chapters 4-6). The characteristics of a normal ECG are illustrated in
Figure 3.4.
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Yes and Yes

Components of ECG interpretation

Normal findings

Rhythm identification
(Chapter 9)

Evaluate ventricular
depolarization
(Chapter 7)

Evaluate ventricular
repolarization
(Chapter 4)

Upright P wave in Il
PRinterval <0.20 s

QRS narrow and negative in V1
Normal cardiac axis (-30° to 110°)
No abnormal Q waves
Normal QRS voltage

“Normal”T waves
Normal QT interval
(QTc<0.45s M, < 0.47s W)

Figure 3.3:

Once a life-threatening arrhythmia
is ruled out and the presence of
isoelectric ST segments is con-
firmed, the ECG can be evaluated
in a systematic fashion. Although
there are many components to
a comprehensive interpretation of
the ECG that are beyond the
scope of this introductory text, in
general there are three essential
parts to ECG analysis. First, the
rhythm should be specifically iden-
tified. We have already done some
“triage” by identifying abnormally
slow or fast heart rhythms.
Second, ventricular depolarization

should be assessed. ECG findings
suggestive of abnormal ventricular
depolarization include a wide QRS
complex (>0.12 s), a QRS complex
that is positive in lead V,, abnor-
mal cardiac axis, and the presence
of Q waves. Third, ventricular
repolarization should be evalu-
ated. Again, the reader has already
done some triage by evaluating
the ST segment but other abnor-
malities of ventricular repolariza-
tion include abnormal T waves
(both inverted and peaked) and
delayed ventricular repolarization
(prolonged QT interval).
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The normal ECG

1. Rate should be between 50 and 110 bpm

2. A P before every QRS (Positive P in lead Il)

3. The QRS in V1 (MCL 1) should be narrow and negative (rS)

4. The ST segment should be isoelectric

5. The T wave should be the same direction as the QRS

Figure 3.4:

The characteristics of a normal
ECG. First, the P wave is upright in
lead Il and negative in aVR suggest-
ing that the atria are being depo-
larized by the sinus node. Every P
wave is followed by a QRS complex
with a PR interval of <.20 s, these
two findings confirm that the
AV node is functioning normally.
Second, ventricular depolarization
is characterized by a narrow QRS
complex (<0.12 seconds), which
suggests that the His Purkinje
system is functioning normally
with simultaneous activation of the
right and left ventricles. The cardiac
axis is approximately 60° with the

largest positive deflection in the
limb leads identified in lead II. The
precordial QRS complexes are nor-
mal with a predominantly negative
QRS complex in lead V,. A Q wave
in lead aVR (and sometimes in Ill) is
expected since ventricular depolari-
zation is traveling away from this
lead and small Q waves (< 0.04ms)
due to septal activation can be
seen in the lateral leads, particu-
larly V.. Repolarization is normal
with an isoelectric ST segment and
T waves that are in the same gen-
eral direction as the QRS in that
lead. The QT interval is normal and
less than half the R—R interval.



CHAPTER 4

Abnormal Repolarization:
ST Segment Elevation

You have come to this chapter in two ways. Either you identified ST
segments that are not isoelectric or you have identified abnormal T waves
(Figure 4.1). The ST segment and the T wave correlate with the plateau
phase and repolarization of ventricular myocytes respectively and are
particularly important for evaluation of the patient with chest pain or
other symptoms suggestive of myocardial injury/ischemia (ischemia
means that an organ is not receiving adequate amounts of blood and
comes from the Greek word iskhaimos: iskhein: “To hold back” and
haima: "blood”). It is important to remember that all three of these
repolarization changes (ST segment elevation, ST segment depression,
and T wave changes) can sometimes be observed on a single ECG and are
often related. Clinically ST segment elevation requires the most urgent
treatment and should always be the primary focus of the evaluation. In
other words, the leads that display ST segment elevation directs you to
the location and type of problem (“Where the money is”). If the ECG has
ST segment elevation, use the figures in this chapter to help you with the
diagnosis. If the ECG has ST depression only, recheck to make sure there
are no leads with ST elevation and go to Chapter 5, and if the ST seg-
ments are isoelectric and only the T waves are inverted, go to Chapter 6.
Very subtle ST segment elevation can be a normal finding in any lead,
particularly in V, and V. However, any ST segment elevation > 2mm in
leads V, or V, or ST segment elevation > 1mm in any of the other leads
should be considered suspicious for a cardiac abnormality. Use Table 4.1
to decide whether: 1) The ST segment elevation is abnormal? and 2) Is
the abnormal ST segment elevation due to myocardial injury?

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
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Figure 4.1:

Evaluation of abnormal repolari-
zation. If ST segment elevation
is present the specific lead
location(s) of the ST segment
elevation should be identified. ST
segment elevation associated
with  myocardial infarction is
localized to one of the regions
supplied by the major coronary
arteries (see Figure 4.3). In addi-
tion to the localization of the ST
segment elevation to a particular

region supplied by a coronary
artery, the presence of ST
segment depression in other
leads (so called reciprocal ST
segment depression) or Q waves
suggests myocardial injury as
the cause of the ST segment
elevation. Other repolarization
abnormalities include ST segment
depression (usually seen in the
lateral leads), or abnormal T
waves (See Chapters 5 and 6).
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Table 4.1: Factors determining whether abnormal ST segment is present and
whether abnormal ST segment elevation is more likely due to ischemia

Is abnormal ST segment elevation present?

(Yes to any questions means abnormal)

® |s ST segment elevation >2mm in V, and V,, or >1mm in the other leads?
® |s the ST segment elevation present in two “adjacent” (contiguous) leads?

Is the abnormal ST segment elevation due to myocardial injury?

(Yes to any questions means that myocardial injury is a likely cause)

® Does the ST segment elevation correspond to a region supplied by a
coronary artery (anterior, lateral, inferior)?

® |s reciprocal ST segment depression present?

® Are the T waves also inverted?

® Are Q waves present?

ST segment elevation is the hallmark ECG finding for patients who
have total occlusion of one of the major coronary arteries that supply
blood to the heart (Figure 4.2). In this case continued myocardial injury
can lead to myocardial infarction (Ml)-more commonly called a “heart
attack.” (The word infarction comes from the Latin word “infarcire”
which means to “plug up.”) The main reason for quickly identifying the
presence of ST segment elevation is that several landmark studies have
demonstrated the importance of reestablishing blood flow via either
drugs to dissolve the clot (thrombolysis) or mechanically opening the
artery (usually by taking the patient directly to the cardiac catheterization
laboratory where cardiologists can restore blood flow with a variety of
special techniques including balloons that dilate the narrowed area). In
fact the data is so compelling for STEMI or “ST segment elevation
myocardial infarction,” hospitals in the United States are now being
“graded” on the timeliness and their response to this condition.
Myocardial infarction can also occur in the setting of ST segment
depression and T wave changes (usually T wave inversion), and the
clinical term for these conditions is NSTEMI or “non ST segment elevation
myocardial infarction.” The terms ischemia, injury, and infarction have
traditionally been used to distinguish increasing degrees of severity based
on ECG findings. “Ischemia” was characterized by ST segment depression
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Right coronary aneary

Lokt main coronary artery
i

Lipid plaque

Laft anterior

] X  descending branch

Circumfla
branch

Plaque rupture

* Septal branches
" Obtuse
Acute marginal branches
marginal branch
Posterior
descending branch Thrombus
Formation

Figure 4.2:
Schematic for the development
of myocardial ischemia/injury/

(shaded area). Sometimes the
clot does not completely occlude

infarction. A lipid plaque ruptures
and thrombus (blood clot) forms
at the exposed tissue/lipid. If the
thrombus completely occludes
flow, the patient develops a myo-
cardial infarction (usually charac-
terized by ST segment elevation)
in the downstream myocardium

blood flow, but severe limitation
of flow prevents sufficient blood
to be supplied to the affected
area (ischemia). (Adapted with
permission from FM Kusumoto,
Cardiovascular  Pathophysiology,
Hayes Barton Press, Raleigh, NC,
2004.)

or T wave changes, “Injury” was characterized by ST segment elevation
without Q waves, and “Infarction” characterized by abnormal Q waves
and ST segment elevation or depression. Now the diagnosis of myocardial
damage is generally made by identifying abnormal amounts of cardiac
proteins such as troponins in the blood. But the ECG is still used to
distinguish myocardial infarctions associated with ST segment elevation
(STEMI) and myocardial infarctions with any other ECG findings (NSTEMI).
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One of the important hallmarks of ST segment elevation associated
with a Ml is localization of the ST segment elevation to a specific anatomic
distribution. In most people there are three major coronary arteries that
supply blood to the heart (Figure 4.3). The right coronary artery supplies
blood to the inferior wall. The left main coronary artery almost
immediately (usually within 1 or 2cm) splits into a left anterior descend-
ing coronary artery supplies blood to the anterior wall, and a circumflex
coronary artery supplies blood to the lateral wall. Complete occlusion of
a coronary artery will generally lead to ST segment elevation in the leads
that “look” directly at these areas. In many cases “reciprocal” ST depres-
sion will be observed in the other leads. The presence of a Q wave (initial
negative deflection in the QRS complex) in a lead with ST segment
elevation is very suggestive that a myocardial infarction is present.

As will be illustrated in the rest of the chapter, Ml is associated with ST
segment elevation in groups of leads (anterior: V, to V,; inferior: II, Ill, and
aVF; lateral: I, aVvL, V, and V), depending on the site and extent of injury.
As a corollary to this point, ST segment elevation due to myocardial
infarction should be observed in several leads within a given lead group.
Another commonly used way of emphasizing this important point is that
significant ST segment elevation should be observed in two contiguous
leads (leads that are roughly adjacent to each other). For further evalua-
tion of ST segment elevation, it is easiest to consider the location (s) of
the ST elevation: precordial (anterior and lateral), Inferior, both precordial
and inferior, and only in aVR.

One specific point about anterior ST segment elevation requires special
emphasis. Anterior ST segment elevation, particularly in leads V, through
V,, can be present in almost any condition that is associated with a
wide negative QRS complex in lead V,. The most common example is left
bundle branch block. The specific ECG characteristics of conditions
associated with a wide QRS complex are covered more extensively in
Chapter 7, but in general anything that causes abnormal ventricular
depolarization will cause abnormal repolarization including changes in
the ST segment that can make evaluation of ST segments extremely
problematic and often useless. As always the clinician should make
decisions based on the patient’s symptoms and “Hope for the best, but
prepare for the worst.”
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Inferior wall
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Figure 4.3:

Localization of ST segment
elevation in relationship to the
affected coronary artery that is
occluded. If the left anterior
descending artery is occluded ST
segment elevation is usually seen
in the anterior leads V,-V,. In
most people the circumflex artery
often has one or two large obtuse
marginal arteries and occlusion of
one of these arteries leads to a

lateral wall myocardial infarction.
ST segment elevation is usually
seen in the lateral leads |, aVL, V.,
and V,. The right coronary artery
supplies the inferior wall in most
people, so that occlusion leads to
an inferior wall  myocardial
infarction. ST segment elevation
is observed in the inferior leads Il
IIl, and aVF.
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ST Segment Elevat

Abnormal Repolarization
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CHAPTER 5

Abnormal Repolarization:
ST Segment Depression

ST segment depression is also an important finding when evaluating the
patient with chest pain. ST segment depression generally represents myo-
cardial ischemia rather than myocardial injury. In this case, often a critical
lesion is present, but some blood flow is reaching the endangered portions
of the heart. Like ST segment elevation, ST segment depression can be
observed in the anterior leads, the lateral leads, or the inferior leads. Unlike
ST segment elevation, the location of ST segment depression does not cor-
relate with the location of the myocardium at risk. For example, the pres-
ence of lateral ST segment depression can be due to significant lesions in
the anterior descending, circumflex, or right coronary arteries. Isolated ST
segment depression is most commonly observed in the lateral leads, but
isolated inferior ST segment depression can also be observed. Isolated ante-
rior ST segment depression is much less common (if anterior ST segment
depression is observed, always check aVR for ST segment elevation and the
possibility of a critical left main lesion or severe disease in all three coronary
arteries (left anterior descending coronary artery, circumflex coronary artery,
and right coronary artery) which some have called “left main equivalent”).

The problem with using isolated ST segment depression as a specific
sign for ischemia is that it may be present in some patients with left
ventricular hypertrophy. High blood pressure or hypertension is an
extremely common problem, with over 70% of people affected by age
70 years. Hypertension itself is not an issue; do you really feel the differ-
ence between a blood pressure of 140/90 and a blood pressure of
120/70? The problem is that hypertension causes damage to many
organs including the heart, kidney, and brain. When contracting against
higher pressures for an extended period of time, the heart responds by

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Table 5.1: Factors determining whether abnormal ST segment depression is present
and whether abnormal ST segment depression is more likely due to ischemia

Is abnormal ST segment depression present?

(Yes to any questions means abnormal)

® |s ST segment depression > 0.5mm in V2 and V3, or > 1mm in the other
leads?

® |s the ST segment elevation present in two “adjacent” (contiguous) leads?

Is the abnormal ST segment depression due to myocardial injury?
(Yes to any questions means that myocardial ischemia is a likely cause)

® |s the ST depression new when compared to prior ECGs?

® Does the magnitude ST depression correlate with symptoms?

® |s the patient complaining of chest pain?

® Are Q waves present?

becoming larger and thicker. The larger and thicker heart leads to a
characteristic set of changes that can be identified by ECG (Figure 5.6;
Figures 8.12-8.14) but one of the changes is ST segment depression in
the lateral leads. So here’s the problem in a nutshell. Since hypertension
is so common and some of these patients have left ventricular hypertro-
phy, if you were to evaluate 100 patients with ST segment depression
the great majority would have lateral ST segment depression due to left
ventricular hypertrophy rather than due to myocardial ischemia. In a
patient complaining of chest pain, lateral ST segment depression
becomes much more suspicious, particularly since hypertension is a risk
factor for developing coronary artery disease. Clues for the evaluation
of a patient with chest pain are summarized in Chapter 14.

ST segment depression is usually evaluated by determining the
location of the J point, which is the point between the end of the QRS
complex and the beginning of the ST segment. The threshold values for
ST segment depression are the opposite of the threshold values for ST
segment elevation. Since ST segment depression is extremely uncom-
mon in V, and V,, J point depression >0.5mm is considered significant,
while J point depression > 1 mm is considered significant for the rest of
the leads. The characteristics of abnormal ST depression and clues for
identifying whether ST depression is due to myocardial ischemia are
summarized in Table 5.1. The reader will note that often deciding
whether ST depression is due to ischemia often depends on compari-
son between ECGs: New vs. old; presence or absence of symptoms.
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CHAPTER 6

Abnormal Repolarization: T Wave
Changes and the QT Interval

The ST segment correlates with the plateau phase of the ventricular
action potential where all of the ventricular cells are depolarized and the
voltages in the inside and outside of the cell are close to the same.
However, over time the cell begins to repolarize and the voltage inside of
the cell becomes negative compared to the outside. The T wave is
produced as the ventricular cells repolarize. Think of the beginning of the
T wave as the point where the first cells are repolarizing, the peak of the
T wave when the greatest number of ventricular cells are repolarizing and
the end of the T wave as the point when the last cells are repolarizing. As
described in Chapter 2, repolarization occurs more gradually than
depolarization, which leads to a “flatter” and more broad-based T wave.
Since depolarization starts in the endocardium and repolarization starts
in the epicardium, the normal “T wave follows the QRS complex.”

In general, abnormal T waves are classified as either “peaked and
prominent” or inverted. Inverted T waves are the most common T wave
abnormality observed in clinical medicine. Identification of the cause
of abnormal T waves can be extremely problematic because many
medical problems can be associated with T wave inversion. Repolarization
abnormalities follow a hierarchy of importance: ST segment elevation >
ST segment depression > T wave inversion. For this reason, when
evaluating ECGs look for ST elevation first, then ST segment depression,
and only after isoelectric ST segments have been confirmed should you
look for abnormal T waves.

Early repolarization is associated with ST segment elevation and
prominent T waves, although in some cases the ST segment changes
will be minimal. Peaked T waves can occur in two important abnormal

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
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Table 6.1: Causes of QT interval prolongation

Etiology Specific causes/issues
Hereditary Long QT syndrome
Drug Table 2

Metabolic Hypokalemia

Hypocalcemia
Hypomagnesemia

Hypothermia
Endocrine Hypothyroidism
Central Nervous System Subarachnoid hemorrhage

conditions. First peaked T waves can represent the first signs of injury to
the heart and second, peaked T waves are usually described in the
context of hyperkalemia. The two conditions can generally be separated
electrocardiographically by the extent of the prominent T waves. In
myocardial injury the peaked T waves are localized to a specific region
supplied by the coronary artery while in hyperkalemia peaking of the T
waves is more generalized.

Usually the direction of the QRS complex and the T wave are the same
because depolarization and repolarization occur in opposite directions.
From a practical standpoint, since ventricular depolarization occurs from
right to left which leads to positive QRS complexes in aVL, |, Il, and aVF
in the frontal plane and V, through V, in the precordial plane, the T
waves are positive in these leads in the setting of normal depolarization.

In addition to the shape of the T wave, the timing of the T wave
relative to the QRS complex should be evaluated by measuring the QT
interval. The QT interval is measured from the beginning of the QRS
complex to the end of the T wave and provides a rough estimate of the
duration of ventricular depolarization until the end of repolarization.

A prolonged QT interval can be observed under several conditions
(Table 6.1). First, the QT interval can be prolonged because of a hereditary
disorder called the Long QT Syndrome. Second, a number of drugs can
cause QT interval prolongation (Table 6.2). Third, electrolyte disorders
such as hypocalcemia and hypokalemia can cause QT interval
prolongation.
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Table 6.2: Drugs associated with QT interval prolongation

Drug Class Specific Drugs

Antiarrhythmics Amiodarone*
Sotalol*
Dofetilide*
Ibutilide*

Procainamide*
Disopyramide*

Antihistamines Terfenadine
Anti-infectives Erythromycin
Clarithromycin
Pentamidine
Antimalarials Chlorogiuine
Antipsychotics Thioridazine*
Chlorpromazine
Haloperidol
Antidepressants Amitryptyline
Desipramine
Imipramine
Opiates Methadone
Other Probucol
Droperidol

* More likely to prolong the QT interval.
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CHAPTER 7

Abnormal Depolarization:
A Prominent R Wave in V,

So if you have gotten to this point you have finished evaluating the ST
segment and the T wave. Remember that these two portions of the ECG
represent ventricular repolarization. Since evaluation of patients with
chest pain is one of the principal emergent clinical uses for the ECG, we
have focused our initial discussion on ventricular repolarization. However,
evaluation of ventricular depolarization is the other important compo-
nent for evaluating ECG morphology (all the stuff other than rhythm), it
is just that it can often be done at a more leisurely pace once active
myocardial injury has been ruled out.

The easiest way to quickly assess ventricular depolarization is to
examine lead V.. The normal QRS is “narrow” (QRS < 0.12's), and in lead
V, the complex is usually characterized by an rS complex (Figure 7.1).
With this in mind the two initial questions are: Is the QRS < 0.12 seconds?
And is the QRS predominantly negative? If the answer to both of these
questions is yes, the “general sequence and direction” of ventricular
depolarization is probably normal. Once this has been established the
ECG can be evaluated for frontal axis, Q waves, and other more subtle
abnormalities of ventricular depolarization.

A narrow QRS is evidence that the ventricles are being activated
simultaneously. However, if a wide QRS complex is present the ventricles
are taking longer to depolarize because of relative delays in depolarization
of some portions of the ventricles. The most common cause of a wide
QRS complex is conduction block or delay in the left or right bundle
(Figure 7.2). Block or delay in left bundle leads to depolarization of the right
ventricle followed by depolarization in the left ventricle. Conversely, block
or delay in the right bundle leads to initial left ventricular depolarization

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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: A Prominent R Wave in V,

Abnormal Depolarization
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Normal Depolarization
AV node

Bundle of His
Left bundle

Right bundle

Right bundle branch block
AV node
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Left bundle

Right bundle
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Left bundle

Right bundle
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followed by right ventricular depolarization. Usually, because of its smaller
mass, depolarization of the right ventricle is not observed on the ECG due
to “canceling out” from depolarization of the larger left ventricle in the
opposite direction. However, in right bundle branch block, depolarization
of the right ventricle is late so it is “unopposed” (left ventricular
depolarization has already occurred) and a late positive deflection (an R
wave) is seen in V, and a corresponding late negative deflection (S wave)
in V, (Figure 7.3). A much rarer cause of a wide QRS complex is early
depolarization of a portion of the ventricles. Usually the AV node and His
bundle form the only way for atrioventricular conduction because the
valvular annulus (the fibrous rings that provide the structure for the valves)
is electrically inert. In some patients the valvular annulus does not form
completely and there is a residual thread of tissue called an accessory
pathway that provides an additional electrical connection between the
atria and the ventricles. In this case early depolarization of ventricular tissue
near the insertion point leads to a wide QRS.

A predominantly negative QRS complex in lead V, means that
ventricular depolarization is directed away from the right anterior chest
(the location of V,). This is the normally observed direction of depolariza-
tion because anatomically the left ventricle is located behind the right
ventricle (Chapter 2, Figure 2.7). If the QRS is positive (@ prominent R
wave) in lead V,, it means that a large portion of the ventricles is being
depolarized from “back to front” (Figure 7.3). A “prominent R wave in V"

Figure 7.2:

This schematic shows ventricular
depolarization (dotted arrows) and
the resultant ECG forces (solid
arrows) with normal ventricular
depolarization,  right  bundle
branch block, and left bundle
branch block. During normal ven-
tricular depolarization, after AV
node and His bundle depolariza-
tion the septum is depolarized
from left to right due to depolari-
zation from the left bundle (shorter
solid arrow). Near simultaneous

depolarization of the left and right
ventricles leads to a net leftward
depolarization due to the larger
left ventricular mass (longer solid
arrow). In right bundle branch
block, septal and left ventricular
depolarization is unchanged but
late depolarization of the right
ventricle leads to a late rightward
force. In left bundle branch block
both the septal regions and the
rest of the left ventricle are depo-
larized from right to left.
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Narrow Negative

Right
atrium

Sinus
node

Right
ventricle

Left
atrium

Ve

Left
ventricle

Narrow Positive

Right
atrium

Sinus
node

Right
ventricle

1

Figure 7.3:

The direction and timing of ven-
tricular depolarization will change
the QRS morphologies in V, and
V,. The easiest way to evaluate
ventricular depolarization is to
examine the QRS morphology in
lead V, because this will give the
clinician a sense for whether
depolarization is directed toward
the front of the chest or to the
back. The most common cause

Left
atrium

Left Ve

ventricle

of a wide negative QRS complex
is left bundle branch block where
there is sequential activation of
the right ventricle followed by
the left ventricle. The most com-
mon cause of a wide positive
QRS complex is right bundle
branch block where late depo-
larization of the right ventricles
leads to a late positive wave (R’)
inlead V..
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Wide Negative
(left bundle branch block)

Right Left

atrium atrium
Sinus
node

Left Ve

ventricle

Vi
Wide Positive
(right bundle branch block)

Right Left

atrium atrium
Sinus Vv
node Left 6

ventricle

Right
ventricle

Figure 7.3: (Cont'd)

is most commonly due to right bundle branch block but is also observed
in conditions that are associated with an increase in right ventricular size.
However, right bundle branch block will always be characterized by a
wide QRS. The common possible causes of a prominent R wave in V, are
summarized in Figures 7.4 to 7.18.
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CHAPTER 8

Abnormal Depolarization: Wide
QRS Complexes and Other
Depolarization Abnormalities

Although a prominent R wave in lead V, is the easiest depolarization
abnormality to quickly identify, obviously there are other QRS abnormali-
ties that should be identified. If the QRS complex in lead V. is predomi-
nantly negative, the three remaining major parameters that have to be
evaluated are: QRS width, frontal axis, identifying the presence of abnor-
mal Q waves, and the overall size (voltage) of the QRS complex.

If the QRS is >0.12 seconds then the ventricles are not being activated
simultaneously and it suggests that the two ventricles are not being
depolarized by the His Purkinje system in the normal fashion. By far and
away the most common cause of a wide QRS complex is abnormal
conduction in either the right bundle or the left bundle. As discussed in
Chapter 7, in right bundle branch block delayed activation of the right
ventricle leads to a late positive force directed toward lead V1 and often
results in a triphasic QRS in lead V, characterized by a large terminal R’
wave.

In left bundle branch block, the septum is activated abnormally and
more importantly the left ventricle is activated very late (Chapter 7,
Figure 7.3). This results in a wide very negative QRS complex in lead V,.
A wide negative QRS complex is usually due to late activation of the
lateral wall of the left ventricle due to left bundle branch block. Far rarer,
a wide negative QRS complex in lead V, can be due to early depolarization
of the right ventricle due to the presence of a right sided accessory
pathway (Figure 8.1). Finally, another common cause of a wide negative
QRS complex in lead V, is a pacemaker using a right ventricular lead.

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Pacemakers are small, specialized computers/devices that transmit an
electrical impulse to the heart via specialized leads. Pacemakers are
typically used for the treatment of patients with slow heart rates.
Pacemakers are more comprehensively discussed in Chapter 12, but
for this discussion it is important to note that most leads are placed in the
right ventricle. With right ventricular pacing, ventricular depolarization
travels from right to left and from front to back that does not utilize the

Left Bundle Branch Block
AV node

Bundle of His
Left bundle

Right bundle

Right sided Accessory Pathway
AV node

Bundle of His
Left bundle

Right bundle

Accessory pathway

Figure 8.1:

Schematic showing the three most common causes of a wide negative QRS
complex in lead V,. As can be seen from the schematic, all three are asso-
ciated with relatively late activation of the lateral wall of the left ventricle.
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Right Ventricular Pacing
AV node

Bundle of His
Left bundle

Right bundle

Figure 8.1: (Cont’d)

His Purkinje system. For this reason, right ventricular pacing is associated
with a wide negative QRS complex.

Once you have established that the QRS is narrow and negative in V,
the final things that need to be evaluated are the frontal axis, the
presence of any abnormal Q waves, and the relative size of the QRS
complex (Table 8.1). As described in Chapter 2, the frontal axis is generally
from —35° to —110°. Left axis deviation is present if the axis is more
negative (more leftward) than —35° and right axis deviation is present if
the axis is more positive (more rightward) than 110°. The most common
causes of left axis deviation are left ventricular hypertrophy and left
anterior fascicular block. The most common causes of right axis deviation
are left posterior fascicular block and right ventricular hypertrophy.

Q waves are any abnormal initial negative deflection in the QRS complex.
A QS complex (thus a deep Q wave by definition) is expected in lead aVR
and small g waves due to septal activation are expected in V, and V.
Abnormal Q waves are “plump” (>0.04 s or 1 little box wide) and “deep”
(>1mV or 1 little box deep). Q waves can be observed in a number of
conditions but where they have been historically important is for the
identification of old myocardial infarctions. In a myocardial infarction,
absence of depolarization in the affected area leads to net depolarization
away from the affected region or a Q wave. Thus Q waves will be present in
the leads that overly the affected area, so that in a patient with an old



Abnormal Depolarization 187

Table 8.1: Evaluation of depolarization

Parameter Specific ECG Question

QRS width Is the QRS <0.12 s?

QRS shape in V1 Is the QRS predominantly negative?
Frontal axis Is the axis between —35° and 110°?
Q waves Are abnormal Q waves absent?
QRS size (voltage) Is the QRS voltage normal?

Any “No” answer is abnormal and the specific cause for the abnormal
finding must be evaluated.

inferior wall myocardial infarction, Q waves will be present in leads II, lll, and
aVF. Q waves will also be present in I and aVL in left anterior fascicular block
and in Il, lll, and aVF in left posterior fascicular block. Finally, a Q wave
associated with an inverted T wave in lead Ill and an S wave in lead | has
been called the S1Q3T3 pattern and has been linked to pulmonary embolus
and right ventricular “strain” or “stress.” It is important to keep in mind that
abnormal Q waves can be seen in a variety of conditions and simply mean
that ventricular depolarization is directed away from that specific lead.

The last depolarization abnormality to be evaluated is QRS size. As in
the case of right ventricular hypertrophy, left ventricular hypertrophy
leads to an increase in QRS size.
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CHAPTER 9

Arrhythmias: Normal Rates
and Skips

Arrhythmias are classified by their rate (Figure 9.1). Abnormally slow
heart rhythms are called bradycardias from the Greek root “brady,”
which means slow. Chapter 10 provides a comprehensive discussion of
bradycardia. Abnormally fast hearts are called tachycardias from the
Greek root “tachy,” which means “fast” and are covered in Chapter 11
(good luck when you come to this chapter, this is the most complicated
of the arrhythmia topics). In between these two extremes are a diverse
collection of arrhythmias with normal heart rates that will be the subject
of this chapter.

We discussed normal rhythm in Chapter 3, Figure 3.4. In a normal
rhythm the sinus node is generating the cardiac impulse and initiating
atrial depolarization and every atrial depolarization is followed by a
timely ventricular depolarization. The source of atrial depolarization is
identified by examining the shape of the P wave. Since the sinus node is
located at the superior vena cava/right atrial junction, it is positive in lead
Il and negative in aVR. If the AV node and His bundle are conducting
normally, ventricular depolarization (a QRS complex) will follow the P
wave. With normal conduction through the AV node and His bundle, the
PR interval (the interval measured from the beginning of the P wave to
the beginning of the QRS complex) will be<0.20 s.

If the patient is having an abnormal heart rhythm (arrhythmia) at a
normal rate there are two basic questions that must be answered. First,
is the basic rhythm being generated by the sinus node? Second, are there
irregular heart beats?

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.

214



Arrhythmias: Normal Rates and Skips 215

“(selwyiAye) swyiAys Leay [ewlouge Joj wyitoble diseq a8yl g a4nbi4q

iJejnbau Jo Jenbay ‘¢ idejnbaui 1o Jeinbay ‘¢ :SHO e 9dnpoid sanem 4 ayy oqg ‘¢
:SHO MOLIeU 10 3PIA L £SNUIS WYIAYJ dIseq aya S| “| iS9nem 4 ybnous a1ayi aly ‘|
L1 493deyd 6 J191deyd 01 J21deyd
eipiedApel
(e1paedAyde]) (elpsedApeig)

9ley 1ieaH pidey 918y |BWION 9leY 1esH Mo|S

ajey



216 ECG Interpretation for Everyone: An On-The-Spot Guide

(UOIIINPUOD AY [BWIOU YHM)
WYIAYJ snuis [ewion

YAe ul
aneM (

\ annebaN

dAe

A

rut
SABM d DA1ISOd

M

wyiAyy snuis [ewion

wyYlAyy Jejnbay



Arrhythmias: Normal Rates and Skips 217

‘spes|
JOURJUI J2Y10 Y} Ul Saiijewlouge SYd Jo sabueyd anem
1 bulAuedwodde ou ale 2Jay} 9dUIS Bulpuly [ewlou e 3q ||13S
pINOD 1By} ||| P3| Ul 9ABM | PILISAUI 3} PAIOU SABY PINOM
noA 300q ay1 jo uoiod 1si1) ay3 buipess Jsje 1eyy padoy
Sl )| Jewdou jo jwij Jaddn ayi SI ydIym ‘s 0z°0 SI [eAIDUl
¥d 3YL ‘Il Ped| ul 9AINsSOd pue YAE Ul d9AIEDIU i SIABM
d 9yl 9jdwexa Sy} U] ‘|ewlou Sl UoldNPUOD Je[NDLIIUSACLIE

pue 1eaq ay} buiresausb s apou snuis sy :sbuiyy omy buikes
Ajjeas ale am ,‘wyihyl snuis [ewlou,, sey uaned e Aes am
uaym ey} Jaquiswal skemje pjnoys am os “(0| Jerdeyd ul
PaJI3A0D S| eIpiedApeIq JO 3sNed SIYY) SYO e YHM palenosse
3Q 10U P|NOM 3ABM ¢ AISAS PaXD0|q SEA UOIIDNPUOD JejndL]
-UaAoLI}e JI Inq uoneziejodap buielausb aq ||1i1s pjNod spou
snuis ay3 A|snoingo ,,"WYAYJ snuis [ewlou,, 0} ,uoldNPUOd
AV [PWIOU YUM WylAyJ SNUIS [WIOU,, USLIOYS USLO SN

17’6 24nbi4



218 ECG Interpretation for Everyone: An On-The-Spot Guide

Regular Rhythm
Normal Sinus Rhythm (artifact)
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PRinterval >0.20 s

Any lead

Regular rhythm

E=mianas e =t
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Irregular Rhythm
Atrial fibrillation
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CHAPTER 10

Arrhythmias: Bradycardia

There are only two general causes of slow heart rates: Failure of the sinus
node to deliver normal impulses or depolarization is blocked between the
atrium and the ventricles (atrioventricular or AV block) (Figure 10.1).
Although someone new to clinical medicine might say, “who cares? A slow
heart rate is a slow heart rate,” it is very important to make this distinc-
tion as the management can vary dramatically. The ECG can provide
definitive information on the specific site of the problem.

In sinus node dysfunction, since the sinus node does not generate an
impulse at the normal rate there are fewer P waves than expected. There
are many manifestations of sinus node dysfunction including sinus
pauses, sinus bradycardia, ectopic atrial rhythm, or junctional rhythm. In
ectopic atrial rhythm and junctional rhythm, the sinus rate is so slow that
a subsidiary pacemaker, either from another region in the atrium or the
AV node, must take over and “drive” the heart. We introduced ectopic
atria rhythms and junctional rhythms in the last chapter. Ectopic atrial
rhythms and junctional rhythms can be observed if these sites have more
rapid activity than the sinus node or in the case of sinus node dysfunction
if the sinus node pacemaker activity slows. These two situations can
generally be differentiated by rate, the arbitrary cut-off for an abnormal
sinus rate is 50 beats per minute and the AV junction has a spontaneous
rate of about 35-50 beats per minute. If junctional rhythm is observed
because of more rapid junctional activity the heart rate will be > 50 beats
per minute and if junctional rhythm is observed because of sinus node
dysfunction, the heart rate will be < 50 beats per minute.

In AV block the site of block is usually in the AV node or in the His
bundle since these two structures, in most cases, form the only axis for
AV conduction. Clinically AV block is classified by the relationship
between the P waves and the QRS complexes. In first degree AV block

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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(introduced in Chapter 9, Figure 9.6) there is a one to one relationship
between the P waves and the QRS complexes but the time required for
AV conduction is prolonged (> 0.20 s). First degree AV block does not
cause slow heart rates in and of itself since every P wave is conducted to
the ventricles. In second degree AV block some but not all P waves are
conducted to the ventricles and in third degree heart block there is no
relationship between P waves and QRS complexes. It is important to
remember that AV block is a normal response in the setting of rapid atrial
activity. For example, if the atria were to suddenly start to beat at 300
times a minute (as in atrial flutter, Chapter 11, Figure 11.6), the AV node
acts to limit the number of impulses that propagate to the ventricles and
prevents rapid ventricular rates. Think of the AV node as a regulator
that “protects” the ventricle from atrial arrhythmias. The corollary of this
point is that abnormal AV conduction should only be identified if the
P waves have a normal rate.

Second degree AV block is further classified into different types
depending on the exact relationship between P waves and QRS com-
plexes. In 1924, Woldemar Mobitz classified 2° AV blocks into Type | or
Type II. In Type | block there is gradual prolongation of the PR interval
until @ QRS complex is dropped. Type | block is most commonly called
Wenckebach block in honor of Karl Wenckebach who first described
this unusual conduction pattern in the late 1800s by carefully evaluat-
ing the relationship between the venous and arterial pulsations without
the aid of the ECG (pretty impressive). In Type Il block the PR interval
remains constant and there is a sudden dropped QRS complex. The
distinction between Type | and Type Il block is very easy to make from
the ECG. Simply measure the PR interval before and after the P wave
associated with the dropped QRS complex. If the PR intervals are differ-
ent Type | block is present and if they are the same Type Il block is pre-
sent. The distinction between Type | and Type II block is extremely
important. In Type | block, the site of block is usually within the AV node
so that if complete AV block develops the patient is usually left with a
junctional rhythm with a heart rate of 35-50 bpm. The presence of Type
Il block suggests that the site of block is “below the AV node” within
the His bundle (infranodal block). In this case, if complete AV block
develops the patient is dependent on a pacemaker within ventricular
tissues for the generation of QRS complexes. These ventricular sites are
associated with very slow heart rates and are extremely unreliable and
can stop suddenly.
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Sinus rhythm

‘ .f}wub_iLﬁ_LL«;JuL

Sinus node dysfunction with junctional escape rhythm
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AV block with junctional escape rhythm

* * * * * * * * *
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Figure 10.1:

Bradycardia can develop from
either failure of the sinus node to
initiate depolarization (sinus node
dysfunction) or once the atrium
is depolarized, atrioventricular
block. The two forms of
bradycardia can easily be
differentiated by the ECG: in sinus
node dysfunction not enough P
waves are generated, while in AV
block there are “enough” P
waves, but they do not conduct

to the ventricles in a normal
fashion. In the example, since the
sinus node is not depolarizing
normally, a subsidiary site, the AV
node, “takes over” depolarizing
the heart. Junctional beats in this
case can be identified because
the QRS complex is not preceded
by a P wave. In the example of AV
block, there is no AV conduction,
so the AV node region also
generates the QRS complexes but
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There are two situations that do not “fit” into the Type | and Type I
classification system for AV block. In the first, every other P wave is
associated with a QRS complex. In 2:1 AV block although the PR intervals
are the same before and after the blocked P wave, 2:1 AV block can be
due to block within the AV node or infranodal. In most cases of 2:1 block
the patient will have a few consecutive P waves that conduct to the
ventricles so that the distinction between Type | and Type Il can be made.
Generally since Type | AV block is much more common than Type Il block,
intermittent periods with gradual prolongation of the PR interval will be
observed between periods of 2:1 AV block. In the second situation called
advanced AV block, two or more consecutive nonconducted P waves are
present. In this case three or more P waves are presented between QRS
complexes but some P waves conduct so that some AV conduction
is present.

Although discussed earlier, there are two common circumstances
where AV conduction is normal but are classified incorrectly as 2° degree
AV block. In the first a premature atrial contraction (PAC) is not associated
with a QRS complex (often called a “blocked PAC" in clinical shorthand).
The second situation is an abnormal atrial rate associated with block in AV
conduction. The AV node has decremental conduction properties so both
of these responses are actually normal. In order to make the diagnosis of
AV block, the P waves must be regular and with a normal rate.

In complete heart block (3° AV block) there is no relationship between
P waves and QRS complexes. If the block is within the AV node a regular
narrow QRS rhythm or junctional rhythm will be observed. This can be a
source of confusion since junctional rhythm is also a manifestation of
sinus node dysfunction. The difference is that in complete heart block P
waves are present and do not conduct to the ventricles and in junctional
rhythm due to sinus node dysfunction P waves generated by the sinus
node will not be seen. If complete heart block due to infranodal block
develops, the escape QRS complex will be wide.

Figure 10.1: (Contd)

unlike sinus node dysfunction P From Pathophysiology to Clinical
waves at a normal rate are present. Application, Springer, New York,
(With permission, taken from FM NY, 2009.)

Kusumoto, ECG Interpretation:
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The distinction between 2° degree AV block and complete heart block
seems confusing at first glance. For example, how do | differentiate
between advanced AV block and complete heart block? Actually there is
a practical way for the ECG to help. In 2° AV block, generally the QRS
rhythm is irregular because of some conducted P waves while in complete
AV block the QRS rhythm will be regular. This practical method helps in
another situation. In atrial fibrillation, the atria are activated irregularly
and in turn this leads to an irregular QRS rhythm. In patients with atrial
fibrillation and complete AV block, a regular slow QRS rhythm will be
observed.
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CHAPTER 11

Arrhythmias: Tachycardia

Okay, take a very deep breath as this chapter is by far and away the most
difficult to get through (hopefully you are not already grumbling “Oh
dear, the first ten were awfully tough”). At first glance, the material
appears very dense with a lot of information. Sadly you might be right
about the quantity of material, but it is hoped this chapter will provide an
outline to make the material easier to organize. However, the ECG is the
fundamental diagnostic tool for evaluating rapid heart rates. In fact, if at
all possible (sometimes the clinician is limited because of hemodynamic
collapse), any patient who is thought to have an abnormal rapid heart
rate should receive a 12 lead ECG as soon as possible. Once mastered,
the ability to quickly evaluate an ECG is an essential skill necessary for
taking care of critically ill patients.

From an anatomic standpoint, rapid heart rates can be due to abnor-
mally rapid activity from three sites: the atria, AV junction, or the ventricles.
The fourth cause of tachycardia uses an abnormal muscular connection
between the atria and ventricles (accessory pathway) that is used as the
essential component in the tachycardia (Figure 11.1).

Although this anatomic classification is extremely helpful for remem-
bering the different types of tachycardia and will be used for the remain-
der of the chapter, clinically the ECG is used to make a distinction
between narrow complex tachycardias and wide complex tachycardias.
In narrow complex tachycardia, the QRS has a normal appearance with
an rS complex in V, and a width < 0.12 s. The normal QRS complex
means that the ventricles are being activated normally using the His
Purkinje tissue and generally rules out a tachycardia arising solely from
ventricular tissue (ventricular tachycardia). In wide complex tachycardias,
the focus will be on deciding whether the patient has ventricular

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.

272



Arrhythmias: Tachycardia 273

Atrial techycard|as

farial flutter
Junciional tachycardias

Afnoventricular nods
reenirant tachycardia

Atrial fibrllation

AbTovenircular node
auiematic tachysardia

Ainal tachycarda

Ventricular tachycardias

e
>

Vaniricular 1achycarda

Vientricusar fisritation

Wide QRS
Tachycardias

G

Orihadnoimas abvovan fcular

5

Antidramia atiovenircular

Atrial tianllation with

ragniranl inckycandia

recnbrant tachycandia

activation af tha ventricles
via the accassory primary
and tha AV node

Figure 11.1:

Anatomic types of tachycardia.
The ventricular tachycardias and
the accessory pathway mediated
tachycardias in which the ventri-
cles are activated by the accessory
pathway always are associated
with a wide complex tachycardia
(Wide QRS tachycardia). The
other tachycardias are usually
associated with a narrow QRS

tachycardia and are grouped
together as supraventricular tachy-
cardias.  Any  supraventricular
tachycardia can be associated
with aberrant conduction and
produce a wide complex tachy-
cardia. (Adapted with permission
from FM Kusumoto, Cardio-
vascular Pathophysiology, Hayes
Barton Press, Raleigh, NC, 2004.)
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tachycardia or one of the supraventricular tachycardias with abnormal or
aberrant conduction. Ventricular tachycardia is generally more likely to be
life-threatening, while the supraventricular tachycardia, although it may
be associated with significant symptoms, is generally better tolerated.
The presence of a narrow QRS on the ECG is a first form of “triage,” and
essentially rules out ventricular tachycardia.

Narrow QRS tachycardias are generally grouped together and called
supraventricular tachycardias, to emphasize that ventricular tachycardia is
not present. If we return to our anatomic classification scheme, supraven-
tricular tachycardia can have three anatomic causes: atrial tachycardias,
junctional tachycardias, or accessory pathway mediated tachycardias. In
atrial tachycardia, the cause of tachycardia is solely within atrial tissue. This
could be a site or sites within the atria that are depolarizing (or “firing”)
abnormally fast or a reentrant circuit within the atria.

We now have to take a slight “detour” and talk about the difference
between automaticity and reentry (Figure 11.2). Automaticity is very
easy to understand conceptually as a single or several rapidly blinking
lights that cause rapid atrial activity. On the other hand, reentry is not
very intuitive and can be one of the most confusing subjects for students
learning about arrhythmias. However, a cursory understanding of reentry
is necessary for analyzing the ECG. In reentry a “substrate” consisting of
two parallel pathways with connected ends and different electrical
properties is present. Generally, a wave of activation travels through
both sides of the pathway equally. But a premature stimulation can lead
to conduction down only one pathway, due to block in the other
pathway. In some cases, the impulse can turn around and travel
backwards up the parallel pathway, setting up a continual loop of
depolarization. The analogy that is often used is a dog chasing its tail.
The electrical activity continues to circle on the two pathways until one
of the arms blocks suddenly and the tachycardia stops. Tachycardias due
to reentry tend to start suddenly and stop abruptly. Although it might
not first seem obvious, parallel electrical pathways are quite common in
the diseased heart due to the development of scar tissue and natural
barriers, e.g. the entrance of the vena cavae into the right atrium (see
the discussion on atrial flutter which follows).

So now back to our discussion of atrial tachcardias. An atrial tachycardia
due to a single rapidly depolarizing site is formally called a focal atrial
tachycardia, although to add to the confusion these arrhythmias are often
just called atrial tachycardias. If three or more sites are depolarizing
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Reentry

Automaticity

Premature beat

Depolarization
reenters the

blocks in one “pathway” to start
pathway a reentrant loop
Figure 11.2:

The two cellular/tissue causes of
tachycardia are automaticity and
reentry. In automaticity a site or
sites within the heart begins to
depolarize abnormally fast. In this
example an automatic site is
located within the atria. In reentry,
a “substrate” of two parallel
“pathways” is present. The path-
ways can be anywhere and are
separated by fibrosis or a nor-
mal anatomic structure (e.g. the

inferior vena cava). In this example
the two “pathways” are shown in
the right atrium. A premature
beat blocks in one “pathway” and
conducts in only one “pathway.”
The wave of depolarization turns
around by depolarizing the other
“pathway” and a reentrant circuit
develops. Reentry requires both
“substrate”-two pathways with
different electrical properties and
a “trigger” to initiate the reentry.

abnormally, the arrhythmia is called a multifocal atrial tachycardia.
An atrial tachycardia due to reentry within atrial tissue is called atrial

flutter (Figure 11.1).

Tachycardias that arise from junctional tissue are usually due to small
reentrant circuits that are confined to the AV node and adjacent atrial
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tissue (AV node reentrant tachycardia or AVNRT). In rare cases (usually
children), an unusual arrhythmia called junctional ectopic tachycardia
(JET) due to an automatic focus from junctional tissue can be observed
(Figure 11.1).

The final distinct anatomic cause of supraventricular tachycardia uses
an accessory pathway. Usually the AV node is the only electrical connec-
tion between the atria and the ventricles, but in some cases a strand of
tissue that forms an additional electrical connection between the atria
and ventricles called an accessory pathway is present (Chapter 7, Figures
7.9 and 7.10 and Chapter 8, Figure 8.3). The coexistence of the AV node
and an accessory pathway are the perfect conditions for the develop-
ment of reentry. Under normal conditions, atrial depolarization travels
down both the accessory pathway and the AV node to depolarize the
ventricles. A premature atrial contraction can sometimes block in
the accessory pathway and conduct solely down the AV node to activate
the ventricles. Ventricular depolarization may activate the ventricular end
of the accessory pathway and the depolarization can travel “backwards”
up the accessory pathway to depolarize the atria and initiate a reentrant
circuit (the dog chasing its tail). This type of tachycardia is called atrioven-
tricular reentrant tachycardia or AVRT and leads to a rapid supraventricu-
lar tachycardia since the ventricles are being depolarized normally via the
AV node and His Purkinje system.

Although there are obvious complexities and subtleties, in general,
when evaluating a supraventricular tachycardia there are two considera-
tions: determining whether the rhythm is regular or irregular and identi-
fying atrial activity.

Irregular supraventricular tachycardias are generally due to tachycar-
dias from rapid atrial activity (atrial tachycardias) (Table 11.1). Rapid atrial
activity can have several forms. The most common cause of an irregular
supraventricular tachycardia is atrial fibribrillation where irregular, con-
tinuous, and chaotic atrial activity called fibrillatory waves is observed. In
atrial fibrillation, the pulse and ventricular rhythm is extremely irregular
because of irregular activation of the ventricles via the AV node. Several
other forms of rapid atrial activity can also cause irregular rhythms. In
multifocal atrial tachycardia, several different sites within the atria alter-
natively activate the atria. Think of rapidly blinking lights from different
sites and rates within the atria. Both atrial fibrillation and multifocal atrial
tachycardia cause irregular rapid heart rhythms, and the distinction
between the two is made by the ECG. In multifocal atrial tachycardia, the
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Table 11.1: Causes of supraventricular tachycardia

ECG Rhythm Possibilities
Irregular Atrial tachycardias

e Atrial fibrillation
* Multifocal atrial tachycardia
o Atrial flutter/focal atrial tachycardia with variable AV
conduction
Regular Atrial flutter/focal atrial tachycardia
Junctional tachycardia
Accessory Pathway-mediated (AVRT,ORT)

atria are depolarized as a single wave, albeit at abnormal rates and from
different sites, so discrete P waves of different shapes are observed. In
atrial fibrillation, the atria are not depolarized as single waves of activity
and rather by continuous ever-changing smaller waves of activity. One
way to think about the differences between multifocal atrial tachycardia
and atrial fibrillation is the motion of water at the beach or in a rapidly
flowing river. At the beach, waves break at irregular intervals but between
the waves there is no activity. In contrast, in a rapidly flowing river, multi-
ple different waves are continuously slowing in an ever-changing pattern
with no quiescent period.

Usually focal atrial tachycardias and atrial flutters lead to regular rapid
rhythms but in some cases regular rapid atrial activity can lead to some
irregularity of the QRS complexes due to variable conduction. However,
even in this case there will be periods of regular tachycardia, and when
an irregular tachycardia develops fixed intervals will still be observed since
the atria are being depolarized regularly. This pattern is often called “reg-
ularly irregular” to differentiate it from atrial fibrillation and multifocal
atrial tachycardia which are associated with very irregular QRS rhythms
because the atria are being activated irregularly (often referred to as
“irregularly irregular”). In some cases of atrial fibrillation, large areas of
tissue are activated relatively regularly, leading to the appearance of
larger “flutter” waves, particularly in lead V,, and this is sometimes called
“coarse” atrial fibrillation. The distinction between atrial flutter and atrial
fibrillation is usually made by the QRS rhythm; if the QRS rhythm is irreg-
ularly irregular, it is classified as atrial fibrillation, and if there is some
pattern of regularity, it is called atrial flutter or atrial tachycardia.
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A regular supraventricular tachycardia can be caused by a regular atrial
tachycardia or atrial flutter, a rhythm arising from the AV junction, and
finally in one of the tachycardias that use an accessory pathway. Atrial
tachycardia and atrial flutter have already been described and if AV con-
duction is constant, a regular tachycardia is observed. In most cases every
other depolarization of atrium conducts to the ventricle (2:1 conduction).
For example, the most common form of atrial flutter depolarizes the
atrium at a regular rate of 300 beats per minute, if every other depolari-
zation is conducted to the ventricles, the resulting ventricular rate will be
150 beats per minute. Fast but probably a lot more stable than a heart
rate of 300 bpm! Careful inspection of the ECG is required to identify the
P waves.

Tachycardias arising from the AV junction area are usually due to a
small reentrant circuit due to small parallel inputs into or within the
AV node. Since the junction is driving the heart, the ventricles are
activated via the His Purkinje system and the atria are activated
“backwards” from the AV node region. Since the atria and ventricles are
activated simultaneously the P wave is sometimes obscured by the QRS
complex or seen at the end of the QRS complex.

As discussed previously in this chapter, patients with an accessory
pathway can develop supraventricular tachycardia. In contrast to tachy-
cardias arising from the junction the ventricles and atria are activated
sequentially one after the other. For this reason, the P waves are typically
observed after the QRS complex within the ST segment. As will be
emphasized in the figures, identification of the P waves can provide
important clues for determining what type of tachycardia is present.

One last confusing point about supraventricular tachycardias is the
“alphabet soup” of abbreviations used to describe them:

SVT: Supraventricular tachycardia — a generic term used to
describe any fast heart rhythm with a normal QRS complex.

PSVT: Paroxysmal supraventricular tachycardia — an SVT that occurs
sporadically and starts suddenly and stops suddenly.

AVNRT: AV node reentrant tachycardia — a reentrant tachycardia with
all of the components for the reentrant circuit within the
AV node and /or adjacent tissue.

AVRT:  Atrioventricular reentrant tachycardia-a reentrant tachycardia
that uses an accessory pathway and the AV node as two
“limbs” of a reentrant circuit.
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ORT:  Orthodromic reciprocating tachycardia — the specific form of
AVRT in which the AV node activates the ventricles and the
accessory pathway activates the atria. The term “ortho”
comes from the Greek word “normal or standard” and
“dromic” for direction to describe the normal direction of AV
conduction in this type of tachycardia that results in a narrow
complex tachycardia.

A wide QRS tachycardia is also called wide complex tachycardia. In this
case, the ventricles are not being activated normally by the His Purkinje
system. Any of the supraventricular tachycardias can cause a wide QRS
tachycardia if there is abnormal or aberrant conduction in the His Purkinje
system, often collectively referred to as “SVT with aberrancy.” But wide
QRS tachycardia can also be caused by rapid ventricular activation due to
automaticity or a reentrant circuit within ventricular tissue. Any
tachycardia that is due solely to abnormal activation of ventricular tissue
is called ventricular tachycardia. Although both SVT with aberrancy and
ventricular tachycardia can be associated with significant symptoms,
rapid identification of ventricular tachycardia is critical since ventricular
tachycardia is often unstable and can lead to sudden death. For this
reason, the ECG is very useful for first identifying whether a tachycardia
is wide complex or narrow complex (SVT) and second, for differentiating
between ventricular tachycardia and SVT with aberrancy. The ECG clues
for identifying ventricular tachycardia are provided in Figures 11.17
through 11.24.
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Atrial fibrillation (“coarse”)

Irregular Narrow QRS tachycardia
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Regular Narrow QRS tachycardia
Focal atrial tachycardia
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Polymorphic VT
(Ventricular Fibrillation)

Monomorphic VT
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Artifact

“Wide QRS tachycardia”
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CHAPTER 12

Arrhythmias: Pacing

Implantable cardiac devices are now used for several different functions.
Implantable cardioverter defibrillators (ICDs) are designed to automatically
detect ventricular tachyarrhythmias and deliver therapy to terminate the
arrhythmia by rapid pacing or by delivering a large shock. The oldest
implantable cardiac device, pacemakers have been used to treat slow
heart rhythms. More recently, pacing has been used to help the failing
heart contract in a more normal fashion (cardiac resynchronization therapy
or CRT). Most commonly, devices designed to provide CRT also have ICD
capabilities. The last type of implantable cardiac device is an implantable
loop recorder (ILR). The ILR is a strictly diagnostic device (it provides no
therapy) and is used to evaluate patients with intermittent symptoms that
are separated by longer periods of time (weeks and months). A compre-
hensive discussion of implanted cardiac devices is far beyond the scope of
this introductory text on ECGs, but since pacemakers are so common it is
important to have some basic understanding on how they function and
how they affect the ECG.

Pacemakers were first developed as a way to artificially stimulate the
heart in patients with bradycardia. Depending on which chamber(s) needs
to be paced lead(s) are placed in the right atrium and/or right ventricle
(Figure 12.1). The first pacemakers developed used a single lead placed in
the right ventricle. Although ventricular pacing prevents catastrophic
bradycardia, atrioventricular synchrony is not maintained. In patients with
sinus node dysfunction, atrial pacing is sufficient to treat bradycardia
because atrioventricular conduction is normal. Obviously, for a patient
with bradycardia due to atrioventricular block, a single chamber atrial
pacing would not be effective for producing ventricular depolarization. In
the United States dual chamber pacemakers are the most common type

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
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of pacemaker used for treating bradycardia. Although dual chamber
pacemakers are more complicated, they ensure ventricular depolarization
and maintain atrioventricular synchrony in patients with bradycardia due
to either sinus node dysfunction or atrioventricular block.

More recently, leads have been placed in veins overlying the left ventricle
to restore more normal ventricular depolarization in patients with left
bundle branch block and severe heart failure.
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CHAPTER 13

Clinical Use of the ECG:
Stress Testing

Since identifying myocardial ischemia or injury is one of the most useful
functions of the ECG in patients with chest pain, it is not surprising that
the ECG is used as a diagnostic tool during exercise stress testing to
identify patients who may have significant coronary artery lesions. The
concept is simple, exercise increases metabolic demand of cardiac tissue.
If blood supply is limited to a region of the heart because of significant
blockages that region will become ischemic and the ECG will show signs
suggestive or diagnostic of ischemia. Exercise stress testing is generally
a safe procedure. However, severe complications such as myocardial
infarction and death have been reported in approximately 1 / 2,500
tests. Obviously, good clinical judgment and appropriate risk stratifica-
tion should be considered before ordering or performing any type of
stress test.

There are several protocols used for exercise testing but all employ a
gradual increase in the slope and speed of a treadmill. The Bruce Protocol
is the most widely used exercise protocol. It delivers an incremental
workload every three minutes. This protocol is used for patients that are
able to exercise and achieve at least a speed of 2.5 to 3.4 mph on an
incline of 12% to 14%. For individuals where this amount of exercise is
unrealistic, several protocols that use lower workloads such as the
modified Bruce Protocol, the Balke Protocol, and the Naughton Protocol
have been developed. Regardless of the protocol, in general patients are
asked to exercise until they have to stop due to symptoms such as chest
pain, shortness of breath, or generalized fatigue (symptom limited stress
test). For most protocols it is important for the patient to achieve a specific
heart rate, usually 85% of the maximum predicted heart rate for age.

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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During exercise, the ECG is constantly monitored with six leads in the
standard precordial positions and the limb leads placed on the trunk. The
ST segment is the principal parameter monitored during an exercise test.
Specially designed ECG recording systems are used that employ specialized
electronics to filter extraneous noise and motion artifact from movement
and also continuously measure ST segment changes from baseline.

The most common abnormal ECG finding with stress testing is ST
segment depression. In order to provide some standardization for inter-
pretation of ST segment changes, the J point (the point where the QRS
ends and the ST segment starts) and the J + 80ms (2 little boxes after
the J point) are used as the specific locations of the ST segment for
measurement. In addition the character of the ST segment changes are
described qualitatively. There are four types of ST segment depression
that can occur during cardiac stress testing:

Rapid upsloping: If the ST segment returns to normal at 0.08 sec from
the J point, it is a normal response.

Slowly upsloping: The ST segment returns to baseline later than 0.08 sec
after the J point and it is an equivocal ST segment response to ischemia
(some patients have CAD and some do not). If it only occurs in recov-
ery, it may be entirely normal.

Flat (horizontal) depressed ST segment: It is definitely abnormal and if it
upslopes within two to four minutes in recovery, it is much less likely to
be true disease.

Downsloping ST segment depression: The possibility of a positive ECG
increase with the amount of downsloping and its persistence in recovery.

Several ECG findings are particularly significant if they occur during stress
testing because they may signify the presence of significant lesions in
multiple coronary arteries (multivessel disease):

Marked ST segment depression greater than 2mm, especially flat or
downsloping ST segment depression.

Early ST segment depression in the first three to five minutes of the test,
especially when it is persistent for four to six minutes in recovery.

Severe or increasing chest pain, especially with ST segment depression.

Failure to complete at least four to six minutes of exercise.

Exercise induced hypotension.

Frequent ventricular ectopy in association with ST segment depression.
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In addition to ST segment changes, the amount of exercise that an
individual can perform on a stress test is extremely useful. Exercise capac-
ity is generally quantified with METS (metabolic equivalents). A MET is
a metabolic equivalent that is used to quantify cardiovascular workload
and it is used to express exercise capacity. One MET is equal to the uptake
of 3.5ml of oxygen/kg/min and is the average oxygen requirement from
inspired air necessary to maintain life in the resting state. After adjusting
for age and other risk factors, each increase in exercise capacity (METS)
equates to 10% to 25% improvement in survival. Examples of the value
of the METS achieved during exercise:

e 5 METS is associated with a poor prognosis in patients under 65 years.

e Failure to complete stage Il (7 METS) is very concerning.

e 8.5 METS is common with a sedentary adult.

e 9 METS or more after a CABG indicates a good prognosis regardless of
other responses.

e 10 METS is considered a degree of fitness.

e 14 METS is considered physically fit.

18-20 METS is considered to be a highly conditioned individual.

e 24 METS is considered a well-trained aerobic athlete.

The probability for ischemia and the likelihood of its severity is directly
related to the amount of abnormal ST segment depression and inversely
related to the slop of the ST segment. The severity of CAD is also related
to the time of appearance of ischemic shifts. It is extremely difficult to
evaluate ST segment changes in patients who have significant baseline ST
segment abnormalities including left bundle branch block, left ventricular
hypertrophy, the Wolff Parkinson White Syndrome, ventricular pacing,
and digoxin therapy.
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CHAPTER 14

Clinical Use of the ECG:
Clinical Problems

The ECG is an extremely important diagnostic tool for patients who may
have cardiac problems and for this “wrap-up” chapter it is useful to put the
ECG in the context of its main clinical uses: Evaluating the patient with an
ongoing arrhythmia, evaluating a patient who complains of symptoms in the
past that may be due to arrhythmias (palpitations, dizziness), and evaluating
a patient with chest pain or other symptoms suggestive of a cardiac problem.

Ongoing arrhythmia

In the patient with an ongoing arrhythmia, simplistically the patent has a
heart rate that is too slow, a heart rate that is too fast, or a heart rate that
is normal but has skips or is irregular. Now that we have reviewed the
different causes of arrhythmias we can modify Chapter 9, Figure 9.1 to
include the specific arrhythmias (Figure 14.1). Slow heart rates (bradycar-
dia) are either due to sinus node dysfunction or atrioventricular block.
The ECG helps identify if enough P waves are being generated and if
P waves are present do they conduct normally to the ventricles.

In a patient with a rapid heart rate, the ECG is used to quantify the rate
and rhythm, and perhaps most important, determine whether or not the
ventricles are being depolarized normally or abnormally (Figure 14.1). If
the QRS is narrow and normal appearing, the ventricles are being
depolarized normally and the patient has supraventricular tachycardia.
Although supraventricular tachycardia can be associated with significant
symptoms, they are usually reasonably stable and generally not associated
with hemodynamic collapse. In fact if the patient has a tachycardia not
associated with a pulse, it suggests that some significant process other
than arrhythmia is present (severe infection, severe blood loss, etc.). In

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Arrhythmias

Rate
I

f '

Slow Heart Rate

Normal Rate

(Bradycardia)

{ f

Sinus node Dysfunction Skips
(Not enough P Waves) PACs, PVCs, PJCs
AV block Nonsin
(P’s don’t conduct) onsinus

Junctional rh:

Ectopic atrial rhythm

ythm

Atrial fibrillation

Figure 14.1:

Flow sheet for evaluation of
arrhythmias. AV: atrioventricular;
PAC: premature atrial contrac-
tion; PVC: premature ventricular
contraction; PJC: premature junc-
tional complex; MAT: multifocal
atrial tachycardia; AT: atrial tachy-
cardia; AVNRT: AV node reentrant

S

Rapid Heart Rate
(Tachycardia)

{

Irregular narrow QRS
Atrial fibrillation
MAT
AT/Flutter w/ Variable AV

Regular narrow QRS
AT/Flutter
AVNRT
Junctional tachycardia
AVRT

Regular Wide QRS
VT
SVT w/aberrancy

Irregular Wide QRS
Torsades
AF and WPW
VF

tachycardia; AVRT: atrioventricu-
lar reentrant tachycardia; SVT:
supraventricular tachycardia; AF:

atrial

fibrillation;

WPW:  Wolff

Parkinson White Syndrome; VT:
ventricular tachycardia; VF: ven-
tricular fibrillation.
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contrast, a wide complex tachycardia confirms that the heart is not being
depolarized normally and the possibility of ventricular tachycardia must
be the first thought that crosses the clinician’s mind. Specific identification
of the cause of the supraventricular tachycardia or wide complex
tachycardia is covered in Chapter 11.

If the patient is complaining of an irregular heart beat, the ECG can
identify whether the patient is in sinus rhythm with skips (either premature
atrial contractions or premature ventricular contractions) or some other
arrhythmia such as atrial fibrillation is present (Figure 14.1).

Symptoms suggestive of a prior arrhythmia:

syncope or palpitations

Oftentimes patients come for evaluation of a problem they experienced
in the past such as palpitations, dizziness, or syncope. Syncope is a
medical term used for sudden loss of consciousness that is transient and
often with a quick recovery. Syncope is extremely common and can have
many causes. Generally most patients with syncope have a very good
prognosis except for those patients that have syncope due to a cardiac
problem, most commonly a transient arrhythmia. The ECG is an essential
part of the initial evaluation of patients with syncope. The focus of the
ECG is to identify patients who may have a cardiac cause of syncope
(Figure 14.2). The ECG should be evaluated for depolarization abnormalities
and repolarization abnormalities. Identification of an abnormal ECG
makes a cardiac cause of syncope more likely.

Chest Pain

Finally, the ECG remains one of the most important diagnostic tools for
evaluating the patient with symptoms that may be due to cardiac
ischemia (Figure 14.3). Although this is important, remember that the
patient’s description of their symptoms provides the most valuable clues
for the cause of chest pain. Chest pain due to ischemia is generally
described as a dull pressure in the central or left chest that may radiate
to the arm or jaw. The pain lasts minutes or longer (rather than sharp
stabbing pain for seconds) and generally does not change with a breath
or with change in position.

The hallmark ECG changes associated with myocardial ischemia, injury,
or infacrtion are changes in repolarization such as ST segment elevation,
ST segment depression, or T wave changes (inversion and less commonly,
peaking). The ST segment elevation associated with myocardial infarction
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Significant ECG abnormalities
in Syncope or Palpitations

Depolarization Repolarization
Abnormalities Abnormalities
Prologed PR LVH
Bundle Branch block QT interval
Left ventricular hypertrophy Brugada Syndrome
Q waves
LVH
RVH
Long QT Syndrome
Brugada Syndrome
Figure 14.2:

ECG evaluation in syncope and palpitations. LVH: left ventricular hyper-
trophy; RVH: right ventricular hypertrophy.

is present in two contiguous leads. The presence of reciprocal changes, T
wave inversion or Q waves makes myocardial infarction and injury as the
likely cause for ST segment elevation. Reciprocal changes (other than
depression in aVR due to pericarditis) are particularly useful if they are
present. But remember that the absence of reciprocal changes does not
“rule out” myocardial injury as a cause of ST segment elevation, particu-
larly for anterior wall myocardial infarctions. In Chapter 4, only very subtle
reciprocal changes in the inferior leads are observed in Figure 4.8 and no
reciprocal changes are present in Figure 4.10. Reciprocal changes are
much more commonly observed in inferior wall myocardial infarctions
(inferior ST segment elevation; reciprocal changes most commonly
observed inV,, V,, |, and aVL) and lateral wall myocardial infarctions (lat-
eral ST segment elevation; reciprocal changes in the inferior leads).

The evaluation of the ECG with only ST segment depression or T wave
changes can be extremely challenging. In some cases, the ECG changes
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can be extremely subtle, perhaps only present in one lead. For ST segment
depression and T wave inversion, comparison with an old ECG or if the
chest pain is “coming and going,” associated dynamic ST segmentand T
wave changes should arouse suspicion for ischemia. The presence of left
bundle branch block and left ventricular hypertrophy increase the
likelihood that a patient has coronary artery disease or other cardiac
abnormality but also make the ECG more difficult and sometimes
impossible to evaluate for ischemia. Several final thoughts may help.
First, more obvious ECG changes are more worrisome. The corollary of
this is that for more subtle the ECG changes, either the ischemia is in a
region in an area that is not “seen well” by the ECG (lateral wall), or,
more likely, that the ischemia is not severe enough to be associated with
large changes in repolarization or depolarization. Second, comparison
ECGs, whether old or when the patient is experiencing different
symptoms, may be helpful. Finally, listen to your patient and remember
that symptoms always take precedence over ECG findings.
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Appendices

Additional References

Chou’s Electrocardiography in Clinical Practice: Adult and Pediatric. Surawicz B,
Knilans TK. Sunders, Philadelphia, PA, 2008.

Goldberger AL. Clinical Electrocardiography: A Simplified Approach. Mosby,
Philadelphia, PA, 2006.

Kusumoto FM, ECG Interpretation: From Pathophysiology to Clinical Application,
Springer, New York, NY, 2009.

O’Keefe JH, Hammill SC, Freed MS, Pogwizd SM. The ECG Criteria Book. Jones and
Bartlett Publishers, Sudbury, MA, 2010.

Lists:

Causes for Abnormal Axis Deviation

Left axis deviation

® Normal variant (2-5%)

® Left anterior fascicular block

e |eft ventricular hypertrophy

e |nferior wall myocardial infarction
® Primum atrial septal defect

® Hyperkalemia

e Left bundle branch block

Right axis deviation

® Normal variant

® |ead misplacement

® |eft posterior fascicular block

® Right ventricular hypertrophy

® |ateral wall myocardial infarction
® Dextrocardia

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.
Fred Kusumoto and Pam Bernath.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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(Cont’d)

® Pulmonary embolus
® Chronic obstructive lung disease
® Secundum atrial septal defect

Source: FM Kusumoto, ECG Interpretation: From Pathophysiology to Clinical
Application, Springer, New York, NY, 2009.

Differential Diagnosis for Q Waves

Anterior

e Anterior wall myocardial infarction
e Left ventricular aneurysm

® | eft ventricular hypertrophy

o Left bundle branch block

e |nfiltrative Diseases (amyloid, sarcoid)
® Right sided accessory pathway

® Chronic obstructive lung disease
® Pneumothorax

® Dilated cardiomyopathy

® Intracranial hemorrhage

® Hyperkalemia

® Pacing

Inferior

® Inferior wall myocardial infarction
® | eft posterior fascicular block

e |nferior accessory pathway

® Hypertrophic cardiomyopathy

® Pacing

Lateral

® | ateral wall myocardial infarction
o Left anterior fascicular block

® Left lateral accessory pathway

Source: FM Kusumoto, ECG Interpretation: From Pathophysiology to Clinical
Application, Springer, New York, NY, 2009.
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T Wave Changes and Possible Causes

Nonspecific T wave changes

® Heart disease

® Drugs

® Flectrolyte abnormalities

® Hyperventilation

® Pericarditis

® Normal variant

® |eft ventricular hypertrophy

® Bundle branch block

® Pancreatitits, cholecystitis, esophageal spasm

® Hypothyroid

T wave inversion

® Normal variant

® Myocardial infarction/ischemia

® Digoxin, antiarrhythmic medications

e After ventricular pacing or radiofrequency catheter ablation
(cardiac memory)

® |eft ventricular hypertrophy

® Bundle branch block

® Central nervous system problems

Peaked T waves

® Hyperkalemia

® Myocardial infarction/injury

® Normal variant (early repolarization)

® Intracranial hemorrhage

® | eft bundle branch block

® |eft ventricular hypertrophy

Source: FM Kusumoto, ECG Interpretation: From Pathophysiology to Clinical
Application, Springer, New York, NY, 2009.
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Criteria for left ventricular hypertrophy and right ventricular hypertrophy

Left Ventricular Hypertrophy
Sokolow-Lyon

Cornell

Estes

Right Ventricular Hypertrophy

Presence of either:

® RinaVL> 11 mm
® Sum of the Sin V, or V, and the R
in V, or V> 35 mm
RinaVLand S in V,>28 mm
(men) or > 20 mm (women)
Point score: 2 5 for left
ventricular hypertrophy
® Amplitude: 3 pts
O Largest R or S wave 220 mm in
a limb lead
©SwaveinV, orV,> 30 mm
© Rwave inV, or V =30 mm
® Typical STT wave “strain” pattern
© Without dig: 3 pts
o With dig: 1 pt
® |eft atrial enlargement: 3 pts
e |eft axis deviation > 30°: 2 pts
® QRS duration > 0.09 s: 1 pt
® Intrinsicoid deflection in V, or
V> 0.05s: 1 pt
Suggested by the presence of
one or more of the following:
® Right axis deviation > 110°
® RwaveinV, >7 mm
® SwaveinV, <2 mm
® Sum of the Rin V, and the Sin
Vg >10.5mm
® rsR"in V, with R" > 10 mm
® Right atrial enlargement

Intrinsicoid deflection: Measurement from the beginning of the QRS complex to
the peak of the R wave (less commonly called the R wave peak time)
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Wide Complex Tachycardia Glass Beads

1. How's the patient?
2. Can you find “unexpected” deflections (P waves)?
3.“Really” abnormal QRS complexes?
- Concordance
- Absent RS
-“Northwest” Axis
4,"ALWAYS assume the worst”
(ventricular tachycardia)

“Unexpected Deflections”

D
Concordance -U -U -U -U U 'U
Aszrr‘ntRS J\J\J\J\J\J\ M-\[MJ\LJ\LJ\

V1 V2 V3 V4 V5 V6

D 4

Axis —90° to -180° aVR J\ I -U

Very Wide QRS (> 0.16-0.18s)
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aberrant conduction, 234-5
abnormal depolarization. see
depolarization
abnormal repolarization. see
repolarization
absent RS complex, 316-17
accessory pathway
prominent R wave in V1, 154, 164-7
QRS complex/interval, 184-5,
190-191
tachycardia, 272-4, 302-3
acute myocardial injury, 77
advanced second degree AV block,
262-3, 268-71
amyloidosis, 204-5
aneurysms, 44-5, 60-61
anterior leads, 7-8, 11-12
anterior ST segment elevation, 41-3
anterior wall MI, 42-3, 52-9, 61, 202-3
anteroseptal Ml, 159
apical ballooning syndrome, 62-3
apical hypertrophic cardiomyopathy, 113
arrhythmias
atrial fibrillation, 238-9, 245
bradycardia, 214-15, 241-71, 366-7
competing pacemakers, 236-7
ectopic atrial rhythm, 220-221, 237
interpretation of ECGs, 32-3, 35
irregular rhythm, 226-39
junctional rhythm, 222-3
narrow QRS tachycardia, 272-4,
280-305
normal rates and skips, 214-40
normal sinus rhythm, 216-19

ongoing, 366-8
pacing, 334-45
premature atrial contraction, 228-9,
234-5
premature junctional contraction,
230-231
premature ventricular contraction,
232-3
regular rhythm, 216-25
sinus arrhythmia, 226-7
sinus node dysfunction, 241, 243,
246-51
sinus rhythm with AV block, 224-5,
241-5, 252-71
stress testing, 364-5
ST segment elevation, 49, 61, 65-71
syncope and palpitations, 368-9
tachycardia, 214-15, 272-333,
364-5, 366-8
wide QRS tachycardia, 272-4, 306-33
arrhythmogenic right ventricular
cardiomyopathy (ARVC), 130-131
artifact, 218-19, 246-7, 306-9, 352-3
ARVC. see arrhythmogenic right
ventricular cardiomyopathy (ARVC)
asymmetric T wave inversion, 128-9
atrial depolarization, 15-18, 248-9, 302
atrial fibrillation
bradycardia, 245, 266-7
normal rates and skips, 238-9
tachycardia, 273, 276-7, 280-283,
288-9, 332-3
atrial pacing, 334-9
atrial repolarization, 18

ECG Interpretation for Everyone: An On-The-Spot Guide, First Edition.

Fred Kusumoto and Pam Bernath.

© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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atrial tachycardia (flutter), 272-8, 284-7,

290-293
atrioventricular (AV) block, 366
bradycardia, 241-5, 252-71
normal rates and skips, 224-5
pacing, 334-7
ST segment elevation, 867
atrioventricular (AV) conduction,
18-19, 25
atrioventricular (AV) dissociation,
310-313
atrioventricular node reentrant
tachycardia (AVNRT), 273-4, 276,
294-5
atrioventricular reentrant tachycardia
(AVRT), 278, 298-305, 320-323
attenuated R wave, 160-163
automaticity, 274-5, 279, 296-7
AV. see atrioventricular (AV) block
AVNRT. see atrioventricular node
reentrant tachycardia (AVNRT)
AVRT. see atrioventricular reentrant
tachycardia (AVRT)

Balke Protocol, 347
Bazett's formula, 31
biphasic T wave, 140-141, 145
bipolar limb leads, 5
biventricular pacing cardiac
resynchronization, 344-5
bizarre R waves, 182-3
blocked premature atrial contractions,
258-9
bradycardia, 241-71
atrial fibrillation, 245
normal rates and skips, 214-15
ongoing arrhythmias, 366-7
pacing, 334-7
sinus node dysfunction, 241, 243,
246-51
sinus rhythm with AV block, 241-5,
252-71
Bruce Protocol, 347
Brugada syndrome, 44-5, 66-9
bundle branches, 18-19, 24-5
arrhythmias, 235, 254-5, 270-271,
302-3, 320-323

prominent R wave in V1, 148, 150,
153-4, 156-63

QRS complex/interval, 184-5, 188-9,
192-3

ST segment depression, 106-9

ST segment elevation, 41, 50-51,
54-5, 92-3

T wave abnormalities, 131

capture beats, 312-13

cardiac axis, 21-2

cardiac resynchronization therapy (CRT),
334, 344-5

cardioversion, 328-9

changing QRS, 330-333

chest pain, 356-7, 368-77

comparing ECGs, 372-7

competing pacemakers, 236-7

complete heart block, 244-5, 2647

concordance, 314-15

continuous ECG recordings, 4

coronary artery spasm, 94-5

critical left main lesions, 967

critical left main stenosis, 104-5

CRT. see cardiac resynchronization
therapy (CRT)

deep symmetric T wave inversion,
112-13
deflection of T wave, 228-9, 234-5,
282-3,310-311
delta wave, 164-7, 190-191
depolarization
arrhythmias, 302, 332-3, 369
atrial, 15-18, 248-9, 302
chest pain, 371
direction and timing, 152
early, 151
evaluation parameters, 187
interpretation of ECGs, 35
narrow positive depolarization, 149,
152, 168-81
normal ECG, 16, 19-25, 149-52,
168-9
pacing, 334-5
prominent R wave in V1, 148-83
QRS complex/interval, 184-203
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QT interval, 137
Q wave anomalies, 1867, 194-207
stress testing, 360-361
technical issues, 8-9
wide negative depolarization, 149,
153, 156-7, 160-167
wide positive depolarization, 149,
153, 156-67, 182-3
dextrocardia, 176-7
digoxin, 114-15, 267
displaying the ECG, 9-12
dizziness, 368
downsloping ST segment, 106-7,
110-111
drug-associated QT interval
prolongation, 119, 138-9
dual chamber pacemakers, 334-7,
342-3
Duchenne muscular dystrophy, 178-9
dynamic ECG changes, 101, 376-7

early depolarization, 151
early repolarization, 44-5, 48-9, 83,
120-121
ectopic atrial rhythm, 220-221, 237
electrodes
leads, 2, 4-9, 11-12
placement, 2-4
electrophysiology, 1
endocardial cells, 25-7
epicardial cells, 25-7
epsilon waves, 130-131
evolving infarcts, 44-5, 87-9
exercise stress testing. see stress testing

false positives/negatives, 358-9

first degree AV block, 86-7, 242, 244
focal atrial tachycardia, 276-7, 290-293
frontal plane leads, 5-7

fusion beats, 313

heart rate
interpretation of ECGs, 32
PR interval, 28-30
QT interval, 28, 30-31
R-R interval, 27-9, 31
hemodynamic collapse, 366-7

His Purkinje system
bradycardia, 252-5
normal ECG, 18-19, 24-5, 29
normal rates and skips, 228-9, 235
QRS complex/interval, 186, 191
tachycardia, 272-4, 276, 279-81,
302-3
Hook pattern, 76-7, 120-121
horizontal plane leads, 5-7
hyperkalemia, 70-71, 118, 124-5
hypertension, 98-9
hypertrophic cardiomyopathy
prominent R wave in V1, 154,
180-181
ST segment depression, 112-13
ST segment elevation, 64-5
hypocalcemia, 118, 142-3
hypokalemia, 118, 140-141
hypomagnesemia, 144-5
hypothermia, 182-3

ibutilide, 138-9
ICD. see implantable cardioverter
defibrillators (ICD)
idioventricular rhythm, 248-9
ILR. see implantable loop recorder (ILR)
implantable cardioverter defibrillators
(ICD), 65, 334
implantable loop recorder (ILR), 334
inferior leads, 7-8, 11-12
inferior wall MI, 42-3, 82-93
inferolateral ST segment depression, 101
inferolateral wall MI, 76-7, 80-81
infiltrative disease, 204-5
intercostal spaces, 2-3
inverted P wave
arrhythmias, 224-5, 231
prominent R wave in V1, 176-7
QRS complex/interval, 212-13
inverted T wave, 117, 126-31
prominent R wave in V1, 172-3
QRS complex/interval, 206-11
QT interval, 146-7
ST segment depression, 100-101,
112-15
ST segment elevation, 37, 39, 44, 73,
81, 88-92
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ischemia
comparing ECGs, 374-7
stress testing, 347, 352-3, 356-9
ST segment depression, 99-105,
108-9
ST segment elevation, 37, 39-40
T wave abnormalities, 122-3, 126-7

J point depression, 96-7, 99, 110-111,
354-5

junctional ectopic tachycardia (JET), 276

junctional escape rhythm, 241, 243

junctional tachycardia, 272-4, 275-6,
296-7, 311

large terminal R wave, 160-163
lateral leads, 7-8, 11-12
lateral ST segment depression, 111
lateral wall MI, 42-3, 72-5, 200-201
late terminal R wave, 182-3
LBBB. see left bundle branch block (LBBB)
leads, 2, 4-9, 11-12
left anterior fascicular block, 160-163,
196-7
left bundle branch block (LBBB)
arrhythmias, 302-3, 320-321
prominent R wave in V1, 148, 150
QRS complex/interval, 184-5, 188-9,
192-3
ST segment depression 106-9
ST segment elevation 44-5, 92-3
left posterior fascicular block, 198-9
left-sided accessory pathway, 154,
164-7
left ventricular aneurysm, 60-61
left ventricular hypertrophy (LVH)
comparing ECGs, 374-5
QRS complex/interval, 187, 208-13
ST segment depression, 98, 110-111,
114-15
syncope and palpitations, 369
T wave abnormalities, 127-9
left ventricular strain, 212-13
lipid plaques, 40
localized T wave peaking, 122-3
long QT syndrome, 118, 136-7
LVH. see left ventricular hypertrophy
(LVH)

metabolic equivalents (METS), 348
M. see myocardial infarction (MI)
mitral valve, 13
modified Bruce Protocol, 347
monitors, 11-12
monomorphic VT, 304-5
monophasic R wave, 188-9
multifocal atrial tachycardia, 276-7,
284-5
myocardial infarction (M)
chest pain, 368-9
prominent R wave in V1, 154, 159,
174-5
QRS complex/interval, 200-203
stress testing, 347, 363
ST segment elevation, 39-45, 52-9,
61, 72-7, 80-93
myocardial injury
comparing ECGs, 376-9
interpretation of ECGs, 32-3
stress testing, 347
ST segment depression, 99
ST segment elevation, 37-9, 77
T wave abnormalities, 123

narrow negative depolarization, 149-52
narrow positive depolarization, 149,
152, 168-81
narrow QRS tachycardia, 272-4,
280-305
native AV conducting, 338-9
Naughton Protocol, 347
negative concordance, 314-15
negative delta wave, 164-7
normal ECG, 13-31
anatomy of the heart, 13-14
atrial depolarization, 15-18
atrioventricular conduction, 18-19
cardiac axis, 21-2
characteristics, 34-6
PR interval, 28-30
QRS complex/interval, 19-20, 22-5,
27-8, 30
QT interval, 28, 30-31
Q wave, 194-5
repolarization, 16, 25-7
R-R interval, 27-9, 31
ST segment, 25
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timing of normal cardiac activity,
27-31
ventricular depolarization, 16, 19-25,
149-52, 168-9
normal sinus rhythm
artifact, 218-19
with normal AV conduction, 216-17
northwest axis, 318-19
Notch pattern, 82-3
nubbins, 202-3

old anterior wall MI, 202-3

old lateral wall MI, 200-201

ongoing arrhythmias, 366-8

orthodromic reciprocating tachycardia
(ORT), 279, 299

Osborn waves, 182-3

PAC. see premature atrial contractions
(PAC)
pacemaker cells, 15-17
pacemaker spikes, 192-3
pacing, 334-45
atrial, 334-9
atrioventricular block, 334-7
biventricular pacing cardiac
resynchronization, 344-5
dual chamber, 334-7, 342-3
implantable devices, 334
sinus node dysfunction, 335-7,
340-341
ventricular, 334-7, 340-341
palpitations, 368-9
paroxysmal supraventricular tachycardia
(PSVT), 278
peaked T wave, 117-18, 122-5
pericarditis, 44-5, 78-81
physical examination, 32-3
placement of electrodes, 2-4
plaque rupture, 40
polymorphic VT, 304-5
poor R wave progression, 56-7, 204-5
positive concordance, 314-15
positive QRS, 106-7, 109
posterior wall MI, 90-91, 154, 174-5
precordial leads
comparing ECGs, 372-3
ST segment depression, 108-9

ST segment elevation, 44-81
technical issues, 2, 6-7
T wave abnormalities, 124-5
premature atrial contractions (PAC),
228-9, 234-5, 258-9
premature junctional contractions,
230-231
premature ventricular contractions,
232-3
PR interval
arrhythmias, 244, 256-7, 301, 338-41
interpretation of ECGs, 34-5
normal ECG, 28-30
prolonged QT interval, 134-5
prominent R wave in V1, 162-7,
176-7, 180-181
QRS complex/interval, 187, 190-191,
212-13
stress testing, 360-361
ST segment elevation, 78-9, 81, 83, 87
prolonged QT. see QT interval
prominent R wave in V1, 148-83
prominent T wave, 117, 120-125, 145
prominent voltage, 208-13
PSVT. see paroxysmal supraventricular
tachycardia (PSVT)
pulmonary circulation, 13-14
pulmonary embolus, 206-7
pulmonic valve, 13
P wave
bradycardia, 241-71
clinical problems, 366
interpretation of ECGs, 32, 35-6
normal rates and skips, 214, 216-27,
230-233, 236-7
pacing, 338-43
prominent R wave in V1, 172-7
QRS complex/interval, 192-3, 212-13
QT interval, 134-5
ST segment elevation, 87
tachycardia, 277-8, 284-5, 290-291,
294-301, 310-311
T wave abnormalities, 124, 134-5

QRS complex/interval
bradycardia, 241-5, 248-9, 252-71
changing QRS, 330-333
clinical problems, 366-8, 372-3
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QRS complex/interval (cont’d)
depolarization, 184-203
interpretation of ECGs, 32-6
left bundle branch block, 184-5,
188-9, 192-3

normal ECG, 19-20, 22-5, 27-8

normal rates and skips, 214, 222-5,
228-35

pacing, 338-41, 344-5

prominent R wave in V1, 148-9,
151-2, 156-9, 162-7, 170-173,
178-9

prominent voltage, 208-13

Q wave anomalies, 186-7, 194-207

right-sided accessory pathway, 184-5,
190-191

right ventricular pacing, 184-6, 192-3

size/voltage, 187

ST segment depression, 99, 106-11

ST segment elevation, 41, 44, 50-51,
54-5, 58-9, 70-71, 76-7, 82-3,
92-3

tachycardia, 272-4, 277-8, 280-333

T wave abnormalities, 117-18,
120-121, 124-5

wide and negative, 184-93

widening from bundle branch block,
50-51, 54-5

widening from hyperkalemia, 70-71,
124-5

QT interval

drug-associated prolongation, 119,
138-9

etiology of prolongation, 118-19,
140-147

interpretation of ECGs, 36

long QT syndrome, 118, 136-7

normal ECG, 28, 30-31

ST segment, 142-3, 145

T wave abnormalities, 118-19,
132-47

Q wave
abnormal, 200-207
chest pain, 369
interpretation of ECGs, 35-6
left axis deviation, 196-7
myocardial injury, 378-9
normal ECG, 194-5

prominent R wave in V1, 158-9,
164-9, 174-5, 180-181

QRS complex/interval, 186-7,
194-207

right axis deviation, 198-9

ST segment depression, 99, 102-3

ST segment elevation, 41, 52-63,
70-77,79-81, 84-9, 94-5

ramus intermedius, 57, 73
rapid ventricular depolarization, 332
RBBB. see right bundle branch block
(RBBB)
recording paper, 9-12
reentry, 274-5, 278-9, 294-5, 298-305,
320-323
repetitive ventricular depolarization, 137
repolarization
arrhythmias, 369
atrial, 18
aVR lead elevation, 96-7, 98, 105
chest pain, 371
early, 44-5, 48-9, 83, 120-121
interpretation of ECGs, 35
normal ECG, 16, 25-7
normal ST segment elevation, 46-9,
82-3
precordial ST segment elevation, 44-81
QT interval, 118-19, 132-47
stress testing, 360-361
ST segment depression, 37-8, 41,
72-9, 84-5, 90-91, 96-7,
98-115, 117-18, 128-9
ST segment elevation, 37-97, 117-18
technical issues, 8-9
T wave abnormalities, 37-40, 44-5,
70-71, 81, 88-91, 100-103,
107, 112-15, 117-47
ventricular, 16, 25-7, 35
retrograde atrial depolarization, 248-9
retrograde P wave, 232-3, 294-5,
298-9
right bundle branch block (RBBB)
arrhythmias, 254-5, 270-271, 322-3
prominent R wave in V1, 150-151,
153-4, 156-63
QRS complex/interval, 184
right coronary artery spasm, 94-5
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right-sided accessory pathway, 184-5,
190-191
right ventricular conduction delay,
170-171
right ventricular hypertrophy (RVH)
prominent R wave in V1, 154, 172-3
QRS complex/interval, 187
syncope and palpitations, 369
right ventricular pacing, 184-6, 192-3
Romhilt-Estes point system, 212-13
R-R interval
interpretation of ECGs, 36
normal ECG, 27-9, 31
prolonged QT interval, 137
RS complex, 316-17
rSr' complex, 170-171
R wave
attenuated, 160-163
depolarization, 148-83
large terminal R wave, 160-163
monophasic, 188-9
prominent in V1, 148-83
QRS complex/interval, 188-9, 202-5,
210-211
septal, 168-9
stress testing, 350-351, 358-9,
362-3
ST segment depression, 110-111,
114-15
ST segment elevation, 56-7, 60-61,
82-3
T wave abnormalities, 120-121

saddleback pattern, 68-9

sail pattern, 667

sarcoplasmic reticulum, 17

scooped pattern, 103, 114-15

second degree AV block, 242, 244-5,
252-7,260-263, 268-71

2:1 second degree AV block, 244,
260-261

septal R wave, 168-9

severe advanced second degree AV
block, 268-9

single chamber pacemakers, 334-41

sinoventricular rhythm, 125

sinus arrhythmia, 226-7

sinus node, 15-18

artifact, 246-7
bradycardia, 241, 243, 246-51
clinical problems, 366
exit block, 250-251
pacing, 335-7, 340-341
sinus pause with idioventricular
rhythm, 248-9
SiQ3T3 pattern 206-7
standardization marks, 10-11
stress testing, 347-65
exercise and recovery ECGs, 352-3,
356-7
ST segment depression, 348,
352-63
ST segment elevation, 362-3
supine and standing ECGs, 350-351
ST segment, 25
arrhythmias, 230-231
aVR lead elevation, 96-7, 98, 105
depression, 37-8, 41, 72-9, 84-5,
90-91, 96-7, 98-115
chest pain, 368-71
prominent R wave in V1, 172-3
QRS complex/interval, 189, 208-9,
212-13
stress testing, 348, 352-63
T wave abnormalities, 117-18,
128-9
early repolarization, 44-5, 48-9
elevation, 37-97, 117-18
chest pain, 368-71
QRS complex/interval, 189,
202-5
stress testing, 362-3
interpretation of ECGs, 32-6
normal elevation, 46-9, 82-3
percordial elevation, 44-81
prominent R wave in V1, 172-3, 181
QT interval, 142-3, 145
repolarization, 37-115
T wave abnormalities, 37-40, 44-5,
70-71, 81, 88-91, 100-103,
107, 112-15
subarachnoid hemorrhage, 146-7
sudden cardiac death, 49, 59, 67, 69
supraventricular tachycardia (SVT),
273-4, 276-9, 303, 306-309,
320-323, 366-8
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S wave
prominent R wave in V1, 169, 173
QRS complex/interval, 187, 198-9,

202-203, 2067, 210-211

ST segment elevation, 65

symmetric T wave inversion, 126-7,

130-131, 146-7
syncope, 368-9
systemic circulation, 13-14

tachycardia, 272-333
accessory pathway, 272-4, 302-3
artifact, 306-9
atrial, 272-8, 284-7, 290-293
automaticity and reentry, 274-5,
278-9, 294-305, 320-323
changing QRS, 330-333
junctional, 272-4, 275-6, 296-7, 311
normal rates and skips, 214-15
ongoing arrhythmias, 366-8
QRS complex/interval, 272-4, 277-8,
280-333
stress testing, 364-5
ventricular, 272-4, 279, 302-19,
324-9, 364-5
Takotsubo syndrome, 62-3
technical issues, 1-12
depolarization and repolarization, 8-9
displaying the ECG, 9-12
electrode placement, 2-4
electrodes and leads, 4-9, 11-12
third degree AV block, 244-5, 264-7
thrombus formation, 40
timing of normal cardiac activity, 27-31
Torsade de Pointes, 330-331
T-P segment/interval, 34, 83
tricuspid valve, 13
trifascicular block, 162-3
T wave. see also inverted T wave
arrhythmias, 228-35, 282-3, 292-3,
300-301, 310-311
biphasic, 140-141, 145
chest pain, 368-77
deflection, 228-9, 234-5, 282-3,
310-311
interpretation of ECGs, 32-6
normal ECG, 25, 27-9
peaked, 117-18, 122-5

prominent, 117, 120-125, 145
prominent R wave in V1, 174-5,
178-81
QRS complex/interval, 187, 189,
194-5
QT interval, 118-19, 132-47
stress testing, 350-351
ST segment depression, 100-103,
107, 112-115, 117-118, 128-9
ST segment elevation, 37-40, 44-5,
70-71, 81, 88-91, 117-118
twelve lead ECGs, 2-12
type I/l errors, 358-9

unipolar limb leads, 5
U wave
normal ECG, 30
QT interval, 132-3, 140-141

vena cavae, 13
ventricular arrhythmias, 61, 65-9
ventricular depolarization. see
depolarization
ventricular hypertrophy
comparing ECGs, 374-5
prominent R wave in V1, 154, 172-3
QRS complex/interval, 187, 208-13
ST segment depression, 98, 110-111
syncope and palpitations, 369
T wave abnormalities, 127-9
ventricular pacing, 334-7, 340-341
ventricular repolarization. see
repolarization
ventricular tachycardia (VT), 272-4, 279,
302-19, 324-9, 364-5

Wenckebach second degree AV block,
252-5

wide negative depolarization, 149, 153,
156-7, 160-167

wide negative QRS complex/interval,
184-93

wide positive depolarization, 149, 153,
156-67, 182-3

wide QRS tachycardia, 2724, 306-33

Wolff Parkinson White (WPW)
Syndrome, 164-7, 190-191,
332-3, 360-361
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