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1 as a self-evaluation tool for interpretation of ECGs

2 as a teaching reference for Cardiology fellows, residents,
and house staff

3 as an invaluable resource for the Emergency Room
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Introduction

Pattern recognition is an important learning tool in the interpretation of
electrocardiograms (ECGs). Pediatric practitioners generally receive limited
exposure to reading ECGs until faced with a patient with an arrhythmia or struc-
tural heart disease. The ability to clearly distinguish an abnormal ECG pattern
from a normal variant in an emergency situation is an essential skill, but one
that many physicians feel ill-prepared to confidently utilize. This atlas is directed
at medical students, housestaff, and practitioners with limited background in
pediatric cardiology.

In this atlas, we illustrate many of the ECG patterns a pediatric practitioner
is likely to encounter. Normal variations of ECGs in children of different ages
are presented, followed by examples of ECG abnormalities such as ventricular
hypertrophy and atrial enlargement. ECGs of common forms of acquired heart
disease are presented, followed by typical ECG examples of congenital heart
disease. Arrhythmias are presented in sections on bradycardia and supraven-
tricular and ventricular tachycardia, with a basic section on pacemaker ECGs.
Simple techniques used to interpret mechanisms of arrhythmias are described,
as the nonspecialist in cardiology or electrophysiology may not have a readily
accessible resource for these ECG examples.

Pattern recognition in ECG interpretation is not intended to replace an under-
standing of the genesis of the ECG, but to complement the basic skills of ECG
interpretation. Thus, the reader of this atlas is presumed to have mastered one
of the many excellent texts on the basics of ECG interpretation.'” This atlas relies
on previously accepted norms for interpretation of pediatric ECGs.® Other ECG
norms obtained using computer-automated voltage amplitudes at sampling
rates higher than in older ECG machines have been recently published.” These
data suggest some gender and ethnic variations in pediatric ECG norms likely
exist, and may provide the basis for establishing new standards for abnormal
values. Where helpful, we have provided limited references for those interested
in further details on certain topics. With this approach, we hope that the reader
will find ECG interpretation in children an enjoyable challenge.

ECG Interpretation

Interpreting ECGs involves a sequential analysis of each component of the
tracing: rate, rhythm, axis, intervals, morphology, and chamber hypertrophy
and enlargement.’ Reference values for normal age-related ECG measurements
for pediatric patients are found in Appendix 1, modified from Davignon et al.®
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Heart Rate: Normal heart rates on 12-lead ECG vary significantly with the age
of the child. In the newborn, heart rates by ECG range from 90 to 170 bpm. The
average heart rate increases slightly after the first week of age, to 105bpm, and
by 1 month of age may be 120 to 180 bpm. After the neonatal period, the heart
rate drops gradually with age, ranging from 75 to 140 bpm by 3-5 years of age.
By adolescence, the normal heart rate ranges from 65 to 120bpm. Heart rates
measured by ambulatory ECG (Holter) monitoring are significantly different
than those recorded on the resting 12-lead ECG, reflecting the child’s level of
activity.

Rhythm: The relationship of the P wave to the QRS complex is analyzed to
determine the cardiac rhythm. The P wave of normal sinus rhythm is normally
smooth and upright in leads I, I1, III, and aVF, and biphasic in lead V1. In normal
sinus rhythm, a P wave precedes each QRS complex, with a constant P-QRS rela-
tionship, and the heart rate falls in the normal range for age.

Automatic (ectopic) atrial rhythm is characterized by an abnormal P wave axis
and/or morphology. Primary atrial tachycardia (Table 1, Classification of SVT)
is an arrhythmia arising within the atria, such as atrial flutter or atrial re-entry,
and is characterized by an abnormal P wave axis and/or morphology, with an
abnormal atrial rate. The degree of atrioventricular conduction may vary from
1:1to2:1 or 3:1, or higher degrees of block in the presence of medications.

In the presence of tachycardia, one attempts to identify the mechanism of
tachycardia by analysis of the QRSP relationship.*’ Retrograde P waves are fre-
quently identified in supraventricular tachycardia, with a 1:1 ventriculoatrial or
QRS-P relationship. A P wave buried in the QRS or at the end of the QRS
complex is commonly seen in atrioventricular nodal re-entry tachycardia. A

Table 1: Classification of Supraventricular Tachycardia

* Supraventricular tachycardia utilizing accessory connections
Orthodromic reciprocating tachycardia (ORT)
Permanent form of junctional reciprocating tachycardia (PJRT)
Antidromic reciprocating tachycardia
Atrial tachycardia with antidromic conduction
Pre-excitation variants
e Atrioventricular nodal tachycardia
AV nodal re-entry tachycardia (AVNRT)
Junctional (automatic) tachycardia
* Primary atrial tachycardia
Sinus tachycardia
Atrial flutter
Atrial re-entry tachycardia
Automatic atrial tachycardia
Multifocal atrial tachycardia
Atrial fibrillation
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negative P wave following the QRS complex may be seen with orthodromic
reciprocating tachycardia utilizing an accessory connection (e.g., the Wolff—
Parkinson—White syndrome). In orthodromic reciprocating tachycardia, the
QRS-P interval is greater than 0.07sec, in contrast to atrioventricular nodal
tachycardia, where the QRSP interval is typically less than 70 msec.

Wide QRS tachycardia may be due to supraventricular tachycardia conducted
to the ventricles with aberrancy (bundle branch block), atrial tachycardia con-
ducted antegradely via an accessory atrioventricular connection (such as atrial
fibrillation in the presence of Wolff—Parkinson—White syndrome), or ventricu-
lar tachycardia. Knowledge of the presence of pre-existing bundle branch
block or pre-excitation may allow comparison of the QRS morphology in sinus
rhythm and during tachycardia to establish the mechanism. The QRS-P rela-
tionship is analyzed. The ECG diagnosis of ventricular tachycardia is suggested
by ventriculoatrial dissociation, the presence of fusion beats, a leftward QRS axis,
and marked QRS duration prolongation greater than the 98th percentile for age.
Criteria useful for differentiating ventricular tachycardia from supraventricular
tachycardia with aberrancy have been summarized in Appendix 2.

Axis: The frontal plane axis of the P wave, QRS complex, and T wave is analyzed
sequentially. Sinus rhythm is characterized by a P wave axis usually between +30
and 490 degrees (upright P wave in leads I and aVF). A left atrial rhythm shows
a P wave axis between +90 and +270 degrees (negative P wave in leads I and V6),
and a low right atrial rhythm exhibits superior axis deviation of the P wave
(upright P in lead I, negative in aVF).

The QRS axis shifts significantly with age. The neonate has a QRS axis typi-
cally between +60 and +210 degrees, with gradual shifting to the left with devel-
opment. By 1-5 years of age, the QRS axis is +10 to +110 degrees. Variations in
QRS axis may be due to ventricular hypertrophy or abnormalities of ventricu-
lar conduction (bundle branch block, ventricular pre-excitation).

The T wave axis should generally correspond to the QRS axis, known as
QRS-T concordance. Greater than a 90 degree difference between the QRS
and T wave axis, or QRS-T wave discordance, may reflect myocardial injury or
strain.

Intervals: The PR, QRS, and QT intervals are measured individually, and
are compared to age-related normal values. A normal PR interval is shorter in
a child than in an adult. Normal PR intervals in the neonate range from 0.08 to
0.16sec. The normal PR interval lengthens gradually with age, so that by 12-16
years of age, the normal PR interval is 0.09-0.18 sec. A short PR interval with a
delta wave (slurred onset of the QRS complex) may be seen with manifest pre-
excitation, or Wolff—Parkinson—White syndrome. The initial delta wave polarity
may be helpful in determining the location of the accessory atrioventricular
connection; one schema is included in Appendix 3."
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The QRS duration is typically shorter in a young infant than in an adult.
Under 4 years of age, the QRS duration is less than 0.09sec, and less than
0.10sec up to 16 years of age. By late adolescence, the QRS duration should be
less than 0.11sec. Longer QRS durations are associated with abnormal intra-
ventricular conduction (bundle branch block, myocardial injury, electrolyte
disturbances, ventricular pre-excitation) or cardiac arrhythmia (ventricular
tachycardia).

The QT interval, as measured from the onset of the Q wave to the end of the
T wave in lead II, should be corrected for heart rate (QTc). In general, the normal
QTec is less than or equal to 0.44 sec. In the first several days of life there may be
transient prolongation of the QTc¢, which should normalize after the first week
of life. Prolonged QT intervals may be seen with congenital long QT syndrome,
abnormal ventricular depolarization (bundle branch block), cardiomyopathy, or
metabolic or electrolyte abnormalities.

Morphology: The appearance of the P wave, Q wave, QRS complex, and T waves
is analyzed sequentially. Notching or prolongation of the P wave may indicate
an ectopic atrial rhythm or other atrial tachycardia, atrial enlargement, or intra-
atrial conduction abnormality.

Q waves are normally seen in the inferior leads II, III, aVF and lateral leads
V5-V6. The presence of a Q wave in V1 is abnormal at any age, and may reflect
right ventricular hypertrophy, ventricular inversion, myocardial infarction, left
bundle branch block, or pre-excitation pattern. Pathologic Q waves are charac-
terized by abnormally deep or wide Q waves. Deep Q waves in leads I, aVL, and
the left precordium may be seen in infants with anomalous origin of the left
coronary artery, reflecting a pattern of myocardial infarction. Deep Q waves in
inferior and lateral leads may be seen in left ventricular hypertrophy.

Delays in ventricular conduction manifest as a prolonged QRS complex,
usually with abnormal QRS morphology and axis. Bundle branch block is iden-
tified by QRS duration greater than normal for age (see above), and in children
is usually due to surgery for structural heart disease, or cardiomyopathy.
Right bundle branch block is characterized by an rsR” or rR” pattern in lead V1,
with a broad, slurred S wave in leads I and V6. Left bundle branch block is
identified by a tall, notched R wave in V6, with a broad slurred QS complex in
lead V1.

The ST segment and T waves reflect ventricular repolarization. A normal ST
segment is less than 1 mm above or less than 0.5 mm below the baseline. The T
wave axis should be concordant with the QRS axis in most leads. In children,
tall T waves in the mid and lateral precordium are often seen; in general, the T
wave amplitude should be less than 10 mm in the precordial leads. Abnormal ST
segments and T waves may reflect a normal variation such as early repolariza-
tion, or indicate pathology such as myopericarditis, metabolic/electrolyte imbal-
ances, hypertrophy, cardiomyopathy, or long QT syndrome.
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Chamber hypertrophy and enlargement: Atrial enlargement can be determined
by ECG only when the patient is in sinus rhythm. The ECG cannot be used to
reliably diagnose ventricular hypertrophy in the presence of bundle branch
block, ventricular pre-excitation, paced ventricular rhythm, or ventricular
arrhythmia.

Right atrial enlargement is characterized by tall peaked P waves, greater than
2.5mm in amplitude in any lead, often best seen in lead II.

Left atrial enlargement is characterized by prolonged P wave duration, greater
than 0.09-0.10sec, and a negative terminal deflection in V1 >0.04 sec wide and
>1mm in depth. For biatrial enlargement, criteria for both right and left atrial
enlargement are met.

Right ventricular hypertrophy (Table 2) is diagnosed when the height of the R
wave in V1 or the depth of the S wave in V6 are greater than normal for age.
Age-related criteria for normal QRS amplitude in leads V1 (which overlies the
right ventricle) and V6 (which overlies the left ventricle) are summarized in
Appendix 1. The normal neonate has right ventricular predominance, with
gradual shifting to left ventricular dominance by 3-5 years of age. The T wave
in V1 is normally upright at birth, inverts by 1 week of age, and may become
upright once more when a mature ECG pattern is obtained, usually after 8 years
of age. A persistently upright T wave in lead V1 after 1 week of age and before
8 years of age is indicative of right ventricular hypertrophy.

Left ventricular hypertrophy (Table 3) is diagnosed when the R wave ampli-
tude in lead V6 or the S wave amplitude in lead V1 is greater than the 98th

Table 2: Right Ventricular Hypertrophy Criteria

R wave >98th percentile in lead V1

S wave >98th percentile in lead V6

R wave in V1 + S wave in V6 >98th percentile

R/S ratio >98th percentile in lead V1

Right axis deviation (>98th percentile of QRS in frontal plane)

gR pattern in V1

Upright T wave in V1 (1 week old to 8 years old)

RSR’ pattern in lead V1, where R” >15mm (<1 year old) or R” >10mm (>1 year old)
Pure R wave in V1 >10mm (newborn)

RVH (by voltage criteria) with strain pattern

Table 3: Left Ventricular Hypertrophy Criteria

R wave >98th percentile in lead V6

S wave >98th percentile in lead V1

R wave in V6 + S wave in V1 >98th percentile
Q wave >98th percentile in lead Il or V6

R/S ratio >98th percentile in lead V6

LVH (by voltage criteria) with strain pattern
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percentile for age. In the neonate, left ventricular forces in lead V6 range from
0 to 12mm in height, with an average of 5mm. The left ventricular voltage
increases with age, and in general, an R wave greater than 27 mm in V6 at any
age indicates left ventricular hypertrophy. Exceptionally deep S waves in V1 and
V2, or very tall R waves in the inferior limb leads, are other indicators of left
ventricular hypertrophy.

Biventricular hypertrophy is present when criteria for both right and left ven-
tricular hypertrophy are present. The Katz—Wachtel criteria" for biventricular
hypertrophy is combined R + S wave voltage in the mid-precordial leads V3-V4
greater than 60 mm at any age.

Pacemakers: Pacemakers may be single or dual chamber systems, and are com-
monly described using the three-to-five-letter designation of the pacemaker
nomenclature.' The first letter states the chamber(s) paced; the second letter the
chamber(s) sensed; the third letter designates the pacemaker’s response to
intrinsic sensed beats; the fourth letter indicates programmable functions,
including rate-responsiveness; the fifth letter indicates anti-tachycardia pacing
functions. The more common designations are summarized in Table 4.

Table 4: Pacing Nomenclature and Common Programmable Generator
Features

Feature Measures and Options Description

Pacing mode Single-chamber pacemakers Shorthand description of: chamber(s) paced
AAl, AOO, AAIR, VVI, VOO, (1st letter) and sensed (2nd letter), response
and VVIR to sensed beat (3rd letter), and whether

pacemaker has a rate-adaptive sensor (R)

Dual-chamber pacemakers
DDD, DOO, VDD, DDI, DDDR,

and DDIR
Output Voltage, current, and duration of Measures of energy generated by
pulse pacemaker when stimulus is delivered
Sensitivity Atrial, ventricular, or both Amplitude of intracardiac signal sensed as
intrinsic atrial or ventricular activity
Rate Lower rate limit, upper rate limit Minimal intrinsic heart rate tolerated before

pacing begins (lower rate limit); for
dual-chamber pacemakers programmed

to sense intrinsic atrial activity, maximal

rate at which pacemaker tracks atrial activity
in a 1:1 relation (upper rate limit)

A, atrium; D, dual; |, inhibited; O, none; R, rate-adaptive; V, ventricle
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Indications for pacing are not reviewed in the text, but current recommen-
dations are summarized below as a reference resource (Appendix 4)." Class I
indications are those for which there is evidence or general agreement that a
given procedure or treatment is beneficial, useful, and effective. Class II indica-
tions are those for which there is conflicting evidence or a divergence of opinion
about the usefulness or efficacy of a procedure or treatment. In Class Ila the
weight of evidence or opinion is in favor of the procedure’s usefulness or effi-
cacy, while in Class IIb the usefulness or efficacy is less well established. Class
III indications are those for which there is evidence or general agreement that a
procedure or treatment is not useful or effective and in some cases may be
harmful.
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Figure 1 1-day-old infant.
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Figure 1

+ Normal sinus rhythm, 140bpm
* QRS axis +120°

* Pure R wave in V1

« S wave in V6 = 5mm

+ Nonspecific ST flattening

Normal ECG: 1 day old

+ Heart rate: 94-155bpm
* QRS axis: +58° to 192°
+ Upright T waves in V1 are normal up to 7 days old
+ Right ventricular predominance:
R wave in V1 <27 mm
R/S ratio in V1 = 0.2-9.8, mean 2.3
* R wave in V6: range 0-12mm

Reference

Rautaharju M, Davignon A, Soumis F, Boiselle E, Choquette A. Evolution of QRS-T relationship from birth to adolescence in

Frank-lead orthogonal electrocardiograms of 1492 normal children. Circulation 1979;60:196—204.
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Figure 2 Normal ECG: 2 weeks old

+ Normal sinus rhythm, 130bpm + Heart rate: 106-182bpm
* QRS axis +160° * QRS axis: +65° to +160°

+ Tall R wave in V1 « R wave in V1 £22mm

« S wave in V6 = 6 mm * R wave in V6 = 3-17mm
* Inverted T waves in V1 * R/S ratio in V1 = 1.0-7.0
Reference

VanHare GF, Dubin AM. The normal electrocardiogram. In Allen HD, Clark EB, Gutgesell HP, Driscoll DJ, eds, Moss and
Adams’ Heart Disease in Infants, Children, and Adolescents—Including the Fetus and Young Adults, 6th edn. Philadelphia:
Lippincott Williams & Wilkins, 2001, 425-442.
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Figure 3 5-month-old female.




Figure 3

+ Normal sinus rhythm, 130bpm
* QRS axis +30°

* Rsr’ pattern in V1

« S wave in V6 = 3mm

Normal ECG: 5 months old

+ Heart rate: 105-185bpm
* QRS axis: +7° to +105°

* R wave in V1 £20mm

* R wave in V6 = 6-23 mm
* R/S ratio in V1 = 0.2-6.0
* Qinlead III <7mm
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Figure 4 Normal ECG: 1 year old

+ Normal sinus rhythm, 110bpm + Heart rate: 90-150bpm
* QRS axis +80° * QRS axis: +8° to +100°
+ Small q waves in inferior and lateral leads + Rwave in V1: 3-18 mm
+ rSin V1 progressing to dominant R wave in V6 * R wave in V6: 6-23 mm
* R/S ratio in V1: 0.1-4.2
* Q wave in lead III <5mm
Reference

Walsh EP, Lang P, Ellison RC, Zierler S, Harned HS, Miettinen OS.

Pediatrics 1986;77:353-356.

Electrocardiogram of the premature infant at 1 year of age.
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Figure 5 Asymptomatic 5-year-old female.



