GUIDELINES AND STANDARDS

Guidelines for Performing a Comprehensive

‘ W) Check for updates

Pediatric Transthoracic Echocardiogram:
Recommendations From the American
Society of Echocardiography

Leo Lopez, MD, FASE (Chair), Daniel L. Saurers, RCS, RDCS, FASE (Co-Chair), Piers C. A. Barker, MD, FASE,
Meryl S. Cohen, MD, MSEd, FASE, Steven D. Colan, MD, FASE, Jeanine Dwyer, BS, RDCS, FASE,
Daniel Forsha, MD, MHS, FASE, Mark K. Friedberg, MD, PhD, FASE, Wyman W. Lai, MD, MPH, MBA, FASE,
Beth F. Printz, MD, PhD, FASE, Ritu Sachdeva, MBBS, FASE, Neha R. Soni-Patel, MEd, BSME, RCCS, RDCS,
FASE, Dongngan T. Truong, MD, MSCI, FASE, Luciana T. Young, MD, FASE, and Carolyn A. Altman, MD,
FASE (Co-Chair), Palo Alto, Irvine, Orange, and San Diego, California; Nashville, Tennessee; Durham, North
Carolina; Philadelphin, Pennsylvania; Boston, Massachusetts; Aurora, Colorado; Kansas City, Missouri; Toronto,
Ontario, Canada; Atlanta, Georgin; Cleveland, Ohio; Salt Lake City, Utah; Seattle, Washington; and Houston, Texas

Echocardiography is a fundamental component of pediatric cardiology, and appropriate indications have been
established for its use in the setting of suspected, congenital, or acquired heart disease in children. Since the
publication of guidelines for pediatric transthoracic echocardiography in 2006 and 2010, advances in knowl-
edge and technology have expanded the scope of practice beyond the use of traditional modalities such as
two-dimensional, M-mode, and Doppler echocardiography to evaluate the cardiac segmental structures and
their function. Adjunct modalities such as contrast, three-dimensional, and speckle-tracking echocardiogra-
phy are now used routinely at many pediatric centers. Guidelines and recommendations for the use of tradi-
tional and newer adjunct modalities in children are described in detail in this document. In addition, suggested
protocols related to standard operations, infection control, sedation, and quality assurance and improvement
are included to provide an organizational structure for centers performing pediatric transthoracic echocardio-
grams. (J Am Soc Echocardiogr 2024;37:119-70.)

Keywords: Pediatric transthoracic echocardiography, Congenital echocardiography, Z scores, Echocardio-

graphic protocols, Guidelines

This document is endorsed by the Society of Pediatric Echocardiography (SOPE).

From the Division of Cardiology, Department of Pediatrics, Stanford University
School of Medicine and Lucile Packard Children’s Hospital Stanford, Palo Alto,
California (L.L.); the Department of Pediatrics, Vanderbilt University Medical
Center, Nashville, Tennessee (D.L.S.); Duke Children’s Hospital & Health Center,
Duke University, Durham, North Carolina (P.C.A.B.); the Cardiac Center and
Division of Cardiology, Children’s Hospital of Philadelphia, Philadelphia,
Pennsylvania (M.S.C.); the Department of Cardiology, Boston Children’s
Hospital, Boston, Massachusetts (S.D.C.); the Pediatric Heart Institute,
Children’s Hospital Colorado, Aurora, Colorado (J.D.); the Ward Family Heart
Center, Children’s Mercy Kansas City Hospital, Kansas City, Missouri (D.F.); the
Labatt Family Heart Centre, Division of Cardiology, The Hospital for Sick
Children and University of Toronto, Toronto, Ontario, Canada (M.K.F.); the
Division of Pediatric Cardiology, University of California School of Medicine,
Irvine, California (W.W.L.); Department of Pediatrics, Children’s Hospital of
Orange County, Orange, California (W.W.L.); Rady Children’s Hospital San
Diego and Heart Institute, University of California, San Diego, San Diego,
California (B.F.P.); the Department of Pediatrics, Emory University School of
Medicine and Children’s Healthcare of Atlanta, Atlanta, Georgia (R.S.); the
Pediatric & Adult Congenital Heart Center, Cleveland Clinic Children’s Hospital,
Cleveland, Ohio (N.R.S.-P.); the University of Utah and Division of Pediatric

Cardiology, Primary Children’s Hospital, Salt Lake City, Utah (D.T.T.); Seattle
Children’s Hospital and Pediatric Cardiology, University of Washington School
of Medicine, Seattle, Washington (L.T.Y.); and Baylor College of Medicine and
Texas Children’s Heart Center, Texas Children’s Hospital, Houston, Texas
(C.AA).

Reprint requests: American Society of Echocardiography, Meridian Corporate
Center, 2530 Meridian Parkway, Suite 450, Durham, NC 27713 (E-mail: ase@
asecho.org).

Attention ASE Members:

Login at www.ASELearningHub.org to earn continuing medical education
credit through an online activity related to this article. Certificates are available
for immediate access upon successful completion of the activity and post-
work. This activity is free for ASE Members, and $40 for nonmembers.

0894-7317/$36.00
Copyright 2023 Published by Elsevier Inc. on behalf of the American Society of
Echocardiography.
https://doi.org/10.1016/j.echo.2023.11.015
119


mailto:ase@asecho.org
mailto:ase@asecho.org
http://www.ASELearningHub.org
https://doi.org/10.1016/j.echo.2023.11.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.echo.2023.11.015&domain=pdf

120 Lopez et al

TABLE OF CONTENTS

Indications 120

Operations 121

General Principles 123

Pediatric 2D and Doppler Echocardiography 123
Standard Transthoracic Echocardiographic Views 124
Echocardiographic Z Scores 127

Agitated Saline and UEAs 128
Three-Dimensional Echocardiography 128

Strain Imaging 136

Segmental Protocols 137

Systemic and Pulmonary Veins 137

Atria and Atrial Septum 139

AV Valves 143

Right Ventricle 144

Left Ventricle and Ventricular Septum 146
Ventricular Outflow Tracts and Semilunar Valves 151
Great Arteries and Their Proximal Branches 156
Reporting 163

Quality Assurance 165

Summary 166

Notice and Disclaimer 166

Echocardiography plays a crucial role in the evaluation of children with
acquired and congenital heart disease (CHD). It is the primary nonin-
vasive imaging modality for establishing diagnoses, determining treat-
ment strategies, monitoring disease progression, and assessing the
effects of intervention. In 2006, the American Society of
Echocardiography (ASE) published guidelines and standards for the
performance of pediatric transthoracic echocardiography (TTE)," fol-
lowed in 2010 by recommendations for quantification methods in pe-
diatric TTE.? Although the principles highlighted in these documents
remain as fundamental tenets in pediatric and congenital echocardiog-
raphy, evolving knowledge about acquired and CHD, improvements
in transducer technology and image processing, and advances in arti-
ficial intelligence have expanded the scope and value of echocardiog-
raphy and transformed the landscape of care for children with heart
disease. For example, adjunct advanced imaging modalities involving
three-dimensional echocardiography (3DE), contrast or ultrasound
enhancing agents (UEAs), and two-dimensional (2D) speckle-
tracking echocardiography (STE) have become standard practice
rather than research tools at many pediatric centers.

Since 2010, several reference articles with guidelines for echocardi-
ography in the setting of pediatric and CHD have been published,
including those related to appropriate use criteria (AUC) for initial
outpatient pediatric TTE and for multimodality imaging of patients
with known CHD (Table 1).>®%1%!2 The American College of
Cardiology Section on Adult Congenital and Pediatric Cardiology
(ACPOQO) has also published quality metrics specific to pediatric TTE
as part of its national collaborative Quality Network, including metrics
related to elements of a complete pediatric TTE, image quality, and
diagnostic accuracy (Table 2)."* In summarizing the highlights from
these and other references while focusing on advances in the field
and changes in practice, this reference document will provide a
comprehensive set of pediatric TTE guidelines to replace those
from the 2006 and 2010 ASE documents. Each section will focus
on why pediatric guidelines differ from adult guidelines. Pediatric
and congenital echocardiography is unique in its need to address a
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wide spectrum of anatomic and physiologic abnormalities in poten-
tially uncooperative patients with smaller hearts and faster heart rates
or older children with repaired heart disease and limited imaging win-
dows. The substantial heterogeneity has resulted in clinical practice
recommendations that are rarely based on randomized controlled
studies with large sample sizes. Unless otherwise stated, all guidelines
and recommendations in this document have level of evidence C,
which represents the consensus of opinions based on clinical experi-
ence, descriptive studies, and reports of expert committees. Lastly, a
distinction will be made for elements of the complete pediatric TTE
as guidelines that should be done and additional or adjunct recom-
mendations that may be done during the performance of pediatric
TTE. It is important to recognize that these guidelines and recommen-
dations do not represent any practice that must be done during a stan-
dard examination.

INDICATIONS

Typical indications for performing TTE in children are listed in Table 3.
The American College of Cardiology has established AUC as a new
category of standards promoting the rational use of diagnostic tests
and procedures by classifying indications as “appropriate,” “may be
appropriate,” or “rarely appropriate.” AUC guidelines do not replace
physician judgement or practice experience but rather serve as a
framework for improving patient care and outcomes in a cost-
effective manner. Seven years after the first AUC document for adult
TTE and transesophageal echocardiography was published, AUC
guidelines for an initial outpatient pediatric TTE were published in
2014, focusing on a broad spectrum of indications categorized as (1)
palpitations and arrhythmias, (2) syncope, (3) chest pain, (4) murmur,
(5) other symptoms and signs, (6) prior test results, (7) systemic disor-
ders, (8) positive family history without signs, symptoms, or confirmed
cardiac diagnosis, and (9) outpatient indications in the neonatal period
without a postnatal cardiac evaluation.” Another AUC document pub-
lished in 2020 focused on multimodality cardiac imaging for children
and adults with known CHD.? This initiative was particularly chal-
lenging as, unlike adult cardiology, evidence-based practice guidelines
for individual CHD:s are rare. The indications for TTE, transesophageal
echocardiography, cardiac magnetic resonance imaging (MRI),
computed tomography, stress imaging, and lung scan accounted for
age, lesion severity, surveillance before and after intervention, and
changes in clinical status. Appropriateness at different time intervals
was also evaluated. As with other AUC documents, future revisions
will likely need to address gaps and practice changes because of ad-
vances in knowledge and technology. Other organizations have also
published documents listing indications for pediatric and congenital
TTE, although most have focused on specific aspects of TTE such as
diastolic function,'* Kawasaki disease,” imaging of young competitive
athletes,'' and newborn screening by adult cardiac sonographers.'?

Key Points and Recommendations

e AUC are available for pediatric TTE.

e TTE should be performed in children with suspected
heart disease, established acquired or CHD, systemic or
genetic disorders with known cardiac involvement,
and significant family history of cardiovascular disease.

e Published AUC guidelines should be considered when
ordering TTE.
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Abbreviations

2D = Two-dimensional

2DE = Two-dimensional
echocardiography

3D = Three-dimensional

3DE = Three-dimensional
echocardiography

ACPC = American College of
Cardiology Section on Adult
Congenital and Pediatric
Cardiology

AoV = Aortic valve

ASE = American Society of
Echocardiography

AUC = Appropriate use
criteria

AV = Atrioventricular
CA = Coronary artery

CHD = Congenital heart
disease

CW = Continuous-wave
EF = Ejection fraction
FAC = Fractional area change

GLS = Global longitudinal
strain

IVC = Inferior vena cava
LA = Left atrial
LV = Left ventricular

MPI = Myocardial
performance index

MRI = Magnetic resonance
imaging

MV = Mitral valve
PA = Pulmonary artery

PHN = Pediatric Heart
Network

PV = Pulmonary valve
PW = Pulsed-wave

QA = Quality assurance
QI = Quality improvement
RA = Right atrial

RV = Right ventricular
SF = Shortening fraction

STE = Speckle-tracking
echocardiography

SVC = Superior vena cava

OPERATIONS

Ultrasound systems should have
appropriate hardware and soft-
ware to perform the essential
components of standard pediatric
TTE (Table 4). Other modalities,
such as tissue Doppler imaging
(TDD), STE, and 3DE, may provide
additional information about car-
diac structure and function.
Ultrasound machines should
achieve sufficiently high frame
rates to avoid aliasing errors.
Temporal resolution is not usually
a problem in adults, but higher
heart rates in children require
higher frame rates. Reducing the
penetration depth and sector
width increases frame rate, which
can be useful when assessing
valve function. Current ultra-
sound image management sys-
tems usually store images at
30 Hz regardless of how they are
captured on the machine, such
that quantification for younger
children may be better at the
time of image acquisition rather
than after the images have been
archived. Multiple transducers
used in children should provide
an adequate combination of reso-
lution and penetration depth
across a wide range of patient
sizes, and low-frequency (2-
25 MH2z, highfrequency
(=7.5 MH2), and multifrequency
transducers should be available
in a pediatric laboratory. A non-
imaging continuous-wave (CW)
Doppler transducer is frequently
useful for optimal quantification
of peak velocities when evaluating
stenotic structures or estimating
ventricular systolic pressure from
atrioventricular (AV) valve regur-
gitant velocities. A 3DE matrix
transducer may also be useful.
The monitor should have an
appropriate size and pixel resolu-
tion to allow high-quality visuali-
zation of small cardiac structures.
The display should include depth
and focal range markers as well
as a real-time electrocardiogram
to correlate the images with the
timing of cardiac events.
Quantification capabilities should
include measurements of dis-
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tances, areas, blood flow and tis-
sue velocities, and time intervals
as well as calculation of volumes,
ventricular mass, and peak and
mean gradients.

Pediatric TTE must be per-
formed by a competent operator
with specialized training in the
use of echocardiography to
assess a wide range of clinical sce-
narios and cardiovascular abnor-
malities. The required
knowledge base and skills for a
physician or sonographer per-
forming TTE have been described previously as part of the 2006 pe-
diatric TTE guidelines (Table 5)." The cognitive and technical
elements listed in Table 5 are divided into those needed to achieve
a core vs those needed to achieve an advanced level of expertise.
Core expertise is usually gained during a pediatric cardiology fellow-
ship training program or after graduating from a cardiac sonography
school with exposure to pediatric and CHD. Advanced expertise usu-
ally requires additional training for physicians and higher levels of cer-
tification for sonographers. Physicians and sonographers with a core
level of expertise should be able to perform TTE in normal infants,
children, and adolescents as well as those with heart disease under
direct supervision by individuals with an advanced level of expertise.
Advanced operators must have a sufficient level of knowledge about
pediatric and CHD as well as enough technical expertise to perform a
complex pediatric TTE independently and to train and supervise
learners and individuals with a core level of expertise.

Performance of a complete uncomplicated outpatient pediatric
TTE generally requires 30 to 60 min. Inpatient studies may require
more time to prepare the equipment, allow other activities at the
bedside, target the initial part of the study to answer a critical question,
and receive feedback from the interpreting physician regarding addi-
tional information that may be needed before leaving the bedside.
Good communication with the nursing team is essential before and
during the study to ensure appropriate monitoring of vital signs and
clinical status. A respiratory therapist or nurse should assist in posi-
tioning patients receiving mechanical respiratory or cardiovascular
support. Infection protocols should be implemented. The procedure
should be explained to the patient and/or family before starting.
Ambient light at the bedside should be minimized if possible.
Appropriate patient positioning is crucial, using a supine position,
often with knees flexed to relax the abdominal muscles, for subcostal
(subxiphoid) imaging, a left lateral decubitus position for apical and
left parasternal imaging, a right lateral decubitus position for right par-
asternal imaging, and a supine position with neck extension using a
pillow or rolled towel under the shoulders for suprasternal imaging.
Infants may need to be swaddled, and calming maneuvers such as
feeding, a pacifier, and/or warm gel can aid with image acquisition.
Distractions such as toys, music, or a television should be available
for young children, and a parent or guardian should accompany all
children when possible. Procedural sedation is often needed for chil-
dren <3 years of age or those with developmental challenges, and a
policy should be in place delineating (1) necessary personnel; (2)
criteria for patient selection; (3) contraindications; (4) dosing,
method, and timing of specific medications; (5) appropriate moni-
toring during and after the procedure; and (6) documentation of seda-
tion successes, failures, and adverse events (Table 6). If saline contrast

TAPSE = Tricuspid annular
plane systolic excursion

TDI = tissue Doppler imaging

TTE = Transthoracic
echocardiography

TV = Tricuspid valve

UEA = Ultrasound enhancing
agent
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Table 1 Recent published guidelines and reference documents related to pediatric and congenital echocardiography

Document Authors

Year Comments and highlights

Multimodality imaging guidelines for patients Valente et al.®

with repaired tetralogy of Fallot

AUC for initial TTE in outpatient pediatric
cardiology

Campbell et al.*

Multimodality imaging guidelines of patients Cohen et al.”

with transposition of the great arteries

3DE in CHD Simpson et al.®

Diagnosis, treatment, and long-term McCrindle et al.”

management of Kawasaki disease

Guidelines for performing comprehensive Puchalski et al.®
transesophageal echocardiographic
examination in children and all patients with

CHD

AUC for multimodality imaging during the Sachdeva et al.’

follow-up care of patients with CHD

Frommelt et al.™®

Recommendations for multimodality
assessment of congenital coronary

anomalies

Recommendations on the use of multimodality Baggish et al.""
cardiovascular imaging in young adult

competitive athletes
Recommendations for the adult cardiac

sonographer performing echocardiography
to screen for critical CHD in the newborn

Wasserman et al.'?

2013 Approach to multimodality imaging of patients after
tetralogy of Fallot repair, including patient-specific
considerations, strengths and weaknesses of each

modality, and institutional resources and expertise

List of 113 indications for initial outpatient TTE in
children, using evidence-based data and expert
consensus to rate them as “appropriate,” “may be
appropriate,” or “rarely appropriate”

Approach to multimodality imaging of patients with
transposition of the great arteries before and after
surgical intervention, focusing on the benefits and
limitations of each modality for this patient
population

Optimal application of 3DE in CHD, including technical
considerations, image orientation, application to
different lesions, procedural guidance, and
functional assessment

2014

2016

2017

2017 Updated and evidence-based recommendations for
the diagnosis and management of patients with
Kawasaki disease, including guidelines related to the
use of echocardiography and Z scores for

determining CA involvement

Updated guidelines on the use of transesophageal
echocardiography in pediatric and congenital
cardiology focusing on indications, protocols,
components of each view, and anatomic and
disease-specific considerations

List of 324 indications for multimodality imaging of
patients with established CHD, considering patient
age, lesion severity, surveillance before and after
intervention, and changes in clinical status, and
using evidence-based data and expert consensus to
rate them as “appropriate,” “may be appropriate,”
or “rarely appropriate” at different time intervals

Approach to multimodality imaging of patients with
congenital coronary anomalies, highlighting the
benefits and limitations of each modality, and
establishing coronary imaging strategies for
anomalies in isolation and those associated with
other CHD

Guidelines focusing on the assessment of young
competitive athletes, including key issues related to
imaging in the setting of CHD

Echocardiographic approach for the adult
sonographer who does not typically screen for CHD,
providing essential information and tools needed to
detect critical heart disease in newborns

2019

2020

2020

2020

2021

or an UEA is needed, a protocol should be established for intravenous
line insertion and administration. In laboratories associated with an
inpatient facility, a fully equipped and regularly inspected resuscita-
tion cart and masks for supplemental oxygen delivery to accommo-
date pediatric patients of all sizes should be readily accessible."
Echocardiograms should be stored digitally in a system that al-
lows (1) smooth playback of recorded moving images; (2) offline
quantification, as performing measurements during a study is
frequently difficult in children with limited cooperation; (3)
encryption and data security against unauthorized access; and

(4) backup redundancy. Archived images and associated data
should be accessible for comparison against prior studies. Using
the Digital Imaging and Communications in Medicine (DICOM)
standard, all images should have an associated DICOM header
that can be displayed on the monitor and includes patient infor-
mation as well as date, time, and location of the study. Password
access should be used to ensure confidentiality of all data. Digital
output from multiple systems should be accessible for interpreta-
tion, and final reports should become part of the hospital elec-
tronic medical records.
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Table 2 ACPC quality metrics related to pediatric and congenital echocardiography'®

Quality metric

Highlights

Link

Comprehensive
echocardiographic
examination

Initial transthoracic
echocardiographic
image quality

Echocardiographic
diagnostic accuracy

Critical results reporting
in pediatric
echocardiography

Adverse events with
sedated pediatric
echocardiography

Application of the pediatric
AUC to initial outpatient
echocardiographic

Comprehensiveness examination
assessment tool to determine
whether all necessary
structures were appropriately
assessed by 2D imaging, color
mapping, and spectral Doppler
interrogation

Image quality assessment tool to
evaluate specific elements
related to image orientation, 2D
image appearance, and
presentation of color and
spectral Doppler analysis

Diagnostic accuracy tool to track
errors in preoperative TTE,
categorizing levels of clinical
impact and error preventability

Tracking tool to identify specific
critical results, components that
should be documented in the
report, and the time for critical
result reporting

Tracking tool to identify adverse
events associated with sedation
during the performance of an
echocardiogram, categorizing
them as minor, moderate, or
severe events

Metric to determine the proportion
of initial outpatient TTE
performed for indications rated

https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/
study-comprehensiveness-metric-specifications.pdf?sfvrsn=
787180bf 4

https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/
acpc-gnet-metric-026-initial-echo-image-quality-as-of-4-18-2018.
pdf?sfvrsn=ed5480bf_4

https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/
diagnostic-accuracy-metric-specification.pdf?sfvrsn=7e7180bf_4

https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/
004critical-reporting-echo1816.pdf?sfvrsn=39528cbf_0

https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/
005aes-w-echo1092015.pdf?sfvrsn=4f528cbf_0

https://cvquality.acc.org/initiatives/acpc-quality-network/quality-metrics

orders “rarely appropriate”

Tracking tool to identify an
echocardiogram performed in
infants after the arterial switch
operation for transposition of
the great arteries, highlighting
the necessary components of
the examination

Echocardiogram
performed as an
outpatient during the
first year of life for
arterial switch operation
patients

https://cvquality.acc.org/docs/default-source/default-document-library/

021tga-asoecho06012016.pdf?sfvrsn=3f538cbf_0

Key Points and Recommendations

e Several different transducers should be available with
the full array of functionalities needed to perform pedi-
atric TTE.

o A protocol should be in place outlining all the necessary
components of patient preparation, image acquisition,
and image storage in a system that allows easy review
and comparison with prior studies, offline quantification,

encryption and data security, and backup redundancy.

GENERAL PRINCIPLES

Standard pediatric TTE should provide comprehensive anatomic data
and quantitative evaluation of ventricular function and cardiovascular
physiology. It is composed of 2D echocardiographic (2DE) images
with spectral and color Doppler information in multiple imaging
planes, and it may include M-mode, TDI, 3DE, and strain evaluation.
During an examination, the person performing the study should un-

derstand the study indication, address issues that may affect manage-
ment, and consider patient position, comfort, anxiety, and clinical
stability. Standard pediatric TTE should evaluate all abnormal struc-
tures or flow jets and assess for pulmonary hypertension. Exclusion
of pericardial effusion from multiple views should be part of the stan-
dard protocol, especially after cardiac surgery. The protocol may also
include evaluation for pleural effusion and abnormal diaphragmatic
motion in the subcostal coronal view. Extracardiac structures, such
as the thymus, may be evaluated, recognizing that its absence may
be important in some scenarios. Mediastinal abnormalities such as
solid or cystic masses may be present and should be reported.

Pediatric 2D and Doppler Echocardiography

Image quality optimization is crucial for diagnostic accuracy, requiring
appropriate selection of probe and frequency range as well as con-
stant technical adjustments during the examination to improve
signal-to-noise ratio and image resolution. The ACPC Quality
Network has published a quality metric to quantify the frequently
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https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/study-comprehensiveness-metric-specifications.pdf?sfvrsn=787180bf_4
https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/acpc-qnet-metric-026-initial-echo-image-quality-as-of-4-18-2018.pdf?sfvrsn=ed5480bf_4
https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/acpc-qnet-metric-026-initial-echo-image-quality-as-of-4-18-2018.pdf?sfvrsn=ed5480bf_4
https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/acpc-qnet-metric-026-initial-echo-image-quality-as-of-4-18-2018.pdf?sfvrsn=ed5480bf_4
https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/diagnostic-accuracy-metric-specification.pdf?sfvrsn=7e7180bf_4
https://cvquality.acc.org/docs/default-source/acpc/quality-metrics/diagnostic-accuracy-metric-specification.pdf?sfvrsn=7e7180bf_4
https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/004critical-reporting-echo1816.pdf?sfvrsn=39528cbf_0
https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/004critical-reporting-echo1816.pdf?sfvrsn=39528cbf_0
https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/005aes-w-echo1092015.pdf?sfvrsn=4f528cbf_0
https://cvquality.acc.org/docs/default-source/ACPC/Quality-Metrics/005aes-w-echo1092015.pdf?sfvrsn=4f528cbf_0
https://cvquality.acc.org/initiatives/acpc-quality-network/quality-metrics
https://cvquality.acc.org/docs/default-source/default-document-library/021tga-asoecho06012016.pdf?sfvrsn=3f538cbf_0
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Table 3 Indications for initial and follow-up TTE in children

Initial evaluation e Abnormal fetal echocardiogram

e Concerning maternal history during
pregnancy
Signs, symptoms, or physical findings
suggestive of heart disease
Abnormal test results suggestive of
heart disease
Systemic or genetic disorders
associated with heart disease
Family history of inheritable heart
disease
Baseline before receiving a therapy
that affects cardiac function

Established CHD before and after

therapeutic intervention

Established CHD with potential for

change in chamber size,

hemodynamics, ventricular function,

or valvar function

Established acquired heart disease

e Systemic or genetic disorders with
associated heart disease

e Familial cardiomyopathy

e Pulmonary hypertension

Therapy that affects cardiac function

Follow-up study

subjective elements of image quality in pediatric TTE, namely image
orientation, 2D image appearance, and presentation of color and
spectral Doppler analysis (Table 7)."> Structures of interest should
be displayed in the center of the image with appropriate image sector
depth, acoustic focus depth and length, and magnification when
necessary, choosing a window where the structure is perpendicular
to the ultrasound beam for optimal 2DE characterization. When
possible, linear measurements should be performed along the direc-
tion of the ultrasound beam, as spatial resolution is better along this
axial plane than along the perpendicular lateral plane. Lateral resolu-
tion decreases with increasing depth because of beam spread, so im-
age views for measurements should be chosen to minimize the
distance between the transducer and the structure of interest.
Complete sweeps should be performed from base to apex and
from right to left, keeping the transducer indicator in a fixed position
while angling (or tilting) the transducer to obtain a series of 2D planar
images along the three-dimensional (3D) space of the entire heart.'?
The images should be recorded as a combination of complete sweeps
and single-plane clips, and the protocol should provide the frame-
work for the number and order of these sweeps and clips in a stan-
dard TTE study (Table 8).

Unlike 2DE, the ultrasound beam should be parallel to the direc-
tion of flow for color mapping and pulsed-wave (PW) and CW
Doppler interrogation. Color mapping should precede spectral
Doppler interrogation to ensure proper sample volume placement
and optimize the angle of interrogation. The color box size and the
color velocity range should be adjusted to maintain a frame rate of
=20 Hz. A narrower color box with decreased penetration depth
over the area of interest results in a higher frame rate. Color-
compare mode with simultaneous display of the 2DE image alone
and with color mapping should be used sparingly, as the image frame
rate and therefore temporal resolution are decreased in this mode
compared with a 2DE image alone. This modality may be helpful
when evaluating small structures with low-velocity flow, such as pul-
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monary veins and coronary arteries (CAs). When TDI is used to quan-
tify the higher amplitude and lower velocity signals of myocardial
tissue motion, the ultrasound beam should be as parallel to the direc-
tion of motion as possible. Longitudinal myocardial velocities should
be measured in apical views with placement of the sample volume at
the ventricular myocardium immediately adjacent to the valve
annulus.

Key Points and Recommendations

e Pediatric TTE laboratories should follow standard prac-
tices for image quality optimization.

Standard Transthoracic Echocardiographic Views

The standard pediatric TTE views are described in the 2006 ASE
guidelinesI and summarized in Table 9. They provide multiple oppor-
tunities to evaluate anatomic and physiologic details that may be diffi-
cult to characterize in a single plane. They also mitigate the challenges
with artifacts caused by false dropout of structures parallel to the ul-
trasound beam or shadowing from reflective structures proximal to
the structure of interest. Images are usually displayed with anatomi-
cally correct spatial orientation on the monitor, so that anterior or su-
perior structures are at the top and rightward structures on the left
side of the monitor. Consequently, display of subcostal and apical
views requires the near field (or vertex) of the imaging sector to be
at the bottom of the monitor, a practice in pediatric laboratories
that is different from most adult laboratories. A standard pediatric pro-
tocol should outline the order of standard views, appropriate modal-
ities for each view, and preferred methods for display and recording
(Table 8). In addition, it should include a list of structures to be eval-
uated in each view as well as required vs optional measurements.
Each view should be associated with an initial reference image that
identifies the view and serves as an anchoring plane for sweeps.
The segmental approach should be used to characterize the major car-
diovascular segments in sequence.'®'” Using this approach, the
ACPC Quality Network has published a quality metric evaluating
the completeness of pediatric TTE by listing the necessary compo-
nents of an initial study, potentially serving as a reference when devel-
oping the protocols (Table 10)."

Pediatric echocardiography laboratories may begin TTE with either
the subcostal or left parasternal view, and the order of views varies
among centers. Although a specific order is presented in the 2006
guidelines and in Table 8, this document does not endorse one order
over another, recognizing that each center will choose its own
approach and specify the order in its TTE protocol. Views that are
used more routinely in pediatric TTE than in adult TTE include sub-
costal coronal (long-axis), subcostal sagittal (short-axis), right paraster-
nal, and suprasternal short-axis views. Because of the complex
anatomy and/or abnormal cardiac position frequently encountered
in CHD, pediatric TTE often requires modified or “in between” views
for better characterization of individual structures, with subcostal left
and right anterior oblique views representing the most common
modified views. Sweeps can provide valuable information about
the complex 3D spatial relationships among the cardiovascular struc-
tures in the setting of CHD.

The subcostal coronal (long-axis) view provides information on
visceral situs and cardiac position, and the reference image shows
the relative locations of the spine, inferior vena cava (IVC), and de-
scending aorta at the level of the diaphragm (Figure 1, Videos 1
and 2). The subcostal sagittal (short-axis) view shows the proximal
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Table 4 Recommended hardware and software for standard pediatric and congenital TTE

Standard modalities

e 2D imaging

¢ M-mode

e Color mapping

o PW Doppler interrogation
e CW Doppler interrogation

e TDI

e 3DE

Video monitor

e High resolution

e Depth markers

e Focal range markers

e Real-time
electrocardiogram

Digital storage

e Password protection

e Viewable DICOM header associated with each study consisting of patient identifiers
as well as study time, date, and location

e Easy access to stored images from all ultrasound platforms for review and
comparison with prior studies

Additional modalities

e 2D strain echocardiography

e Associated structured reporting system

Standard transducers

e Low frequency (2-2.5 MHz)
e High frequency (>7.5 MHz)
o Multifrequency

e Nonimaging CW Doppler

Standard quantification tools
e Distances

e Areas

e Calculated chamber
volumes

Calculated LV mass
Calculated SF and EF
Blood flow velocities
Tissue velocities
Time intervals

Peak gradients

Mean gradients

Standard patient safety equipment

Optional transducers
e 3D echocardiographic matrix

Optional quantification tools

e 3D volumes

e Calculated EF from 3D volumes
e Global strain values

e Regularly inspected and readily available resuscitation equipment appropriate to the practice setting

e Supplemental oxygen
e Respiratory masks of various sizes

DICOM, Digital Imaging and Communications in Medicine.

superior vena cava (SVO), intrahepatic [VC, and hepatic veins, with
the bicaval view serving as the reference image (Figure 2, Videos 3
and 4). This view allows optimal Doppler interrogation of abdominal
aortic flow to assess for blunting or delay in return to baseline (seen
with obstruction along the aortic arch or descending thoracic aorta)
or diastolic flow reversal (seen with aortic regurgitation, a significant
patent ductus arteriosus, aortopulmonary collateral, or arteriovenous
malformation, or in the setting of general anesthesia or moderate
sedation (Figure 3). The atrial septum is easily evaluated in subcostal
views because it is perpendicular or nearly perpendicular to the ultra-
sound beam (Figures 2 and 4). In contrast, the atrial septum is usually
parallel to the ultrasound beam in apical and left parasternal views,
frequently resulting in dropout that can be mistaken for a septal
defect. The right upper pulmonary vein is seen well in the subcostal
sagittal view, entering the left atrium inferior to the right pulmonary
artery (PA) and posterior to the SVC (Figure 5). Lastly, right ventricu-
lar (RV) outflow tract obstruction, secondary to infundibular hyper-
trophy, a deviated conal septum, or prominent muscle bundles in
the setting of a double-chambered right ventricle, is well visualized
in subcostal views. Counterclockwise rotation of the transducer
from the subcostal coronal view (right anterior oblique view; Video
5) shows the RV inflow and outflow tracts in the same plane and
can display anterior deviation of the conal septum into the RV outflow
tract in the setting of tetralogy of Fallot (Figure 6). Clockwise rotation

of the transducer from the subcostal coronal view so that it is posi-
tioned between the coronal and sagittal views (left anterior oblique
view) can provide excellent en face characterization of the AV valves,
particularly when there is a common AV valve in the setting of an AV
septal defect, as well as evaluation of the left ventricular (LV) outflow
tract (Figure 7).

Methodologies for standard apical four-chamber, three-chamber,
and two-chamber views have been described previously (Figure 8,
Videos 6 and 7). Moving the transducer medially on the chest allows
modified apical views that are focused on the right ventricle
(Figure 8). Posterior angulation from the standard apical four-
chamber view is another opportunity to evaluate the [VC and hepatic
venous connection to the right atrium as well as the [IVC pathway in
patients who have undergone the atrial switch procedure. It is also
helpful in identifying a dilated coronary sinus before it enters the right
atrium. Anterior angulation provides information about the LV and
RV outflow tracts and semilunar valve function. Color mapping of
the ventricular septum with a low Nyquist limit during an apical
sweep from its posteroinferior to anterosuperior aspect may reveal
small muscular ventricular septal defects or coronary blood flow in
the setting of CHD with associated coronary collateral vessels.
Apical views can also be useful when there are dilated CAs that
can be seen traversing the AV groove or the anterior interventricular
groove.
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Table 5 Required knowledge elements and skills for core
and advanced level of expertise’

Level of
expertise

Required knowledge elements

Core

Advanced

Understanding of the basic principles of
ultrasound physics

Knowledge of the indications for TTE in
pediatric patients

Knowledge of common CHDs and surgical
interventions

Knowledge of Doppler methods and their
application for assessment of blood flow and
prediction of intracardiac pressures
Knowledge of the limitations of
echocardiography and Doppler techniques
Knowledge of alternative diagnostic imaging
techniques

Knowledge of standard acoustic windows
and transducer positions

Knowledge of image display and orientation
used in pediatric echocardiography

Ability to recognize normal and abnormal
cardiovascular structures by 2D imaging and
to correlate the cross-sectional images with
anatomic structures

Familiarity with standard echocardiographic
methods of ventricular function assessment
Familiarity with major developments in the
field of noninvasive diagnostic imaging

All required core level knowledge elements

e In-depth knowledge of ultrasound physics
o Ability to recognize and characterize rare and

complex acquired and CHDs in a variety of
clinical settings

In-depth understanding of Doppler methods
and their application to the assessment of
cardiovascular physiology

Familiarity with all echocardiographic
methods available for assessment of global
and regional ventricular function and
knowledge of the strengths and weaknesses
of these techniques

Up-to-date knowledge of recent advances in
the field of noninvasive cardiac imaging,
including ability to review critically published
research that pertains to the field
Knowledge of current training guidelines and
regulations relevant to pediatric
echocardiography

Level of expertise

Required skills

Core

Advanced

Ability to safely, properly, and efficiently use
cardiac ultrasound equipment

Ability to perform a complete TTE
examination with proper use of M-mode, 2D,
and Doppler techniques in normal pediatric
patients and in those with heart disease, with
consultation as needed

All required core level skills

e Ability to independently perform a complete

TTE examination with proper use of all
(Continued)
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Table 5 (Continued)

Level of expertise Required skills

available ultrasound techniques in patients
with all types of CHD

o Ability to assess cardiovascular physiology
and global and regional ventricular function
using a variety of ultrasound techniques

o Ability to supervise and teach pediatric
echocardiography to sonographers, pediatric
cardiology fellows, and other physicians

Left parasternal views are standard for all TTE. The long-axis view
with the cardiac apex displayed on the left side is one exception to the
rule that rightward structures are displayed on the left (Figure 9,
Videos 8 and 9). Besides information about the ventricular septum,
parasternal long- and short-axis views (Videos 10 and 11) are particu-
larly useful in evaluating mitral valve (MV) and aortic valve (AoV)
morphology, presence or absence of fibrous continuity between the
MYV and AoV when there is a conotruncal abnormality, and mecha-
nism for subvalvar aortic or pulmonary stenosis when present.
These views can provide information about the origin, course, and
relative sizes of the CAs, which is not standard in adult TTE protocols
(Figure 10)." In the setting of dextrocardia, right parasternal views pro-
vide similar images as left parasternal views with levocardia, except
that the transducer is rotated by 90° in a clockwise direction so that
the transducer indicator is directed toward the left shoulder for the
long-axis view and toward the left hip for the short-axis view
(Table 11). This modification maintains the rule in the short-axis
view that right-sided structures are displayed on the left side of the
screen. In the setting of levocardia, the right parasternal sagittal
view can provide good visualization of the atrial septum in the refer-
ence bicaval image and can be useful when evaluating superior sinus
venosus defects (Figure 11, Video 12). Doppler interrogation of sub-
valvar, valvar, or supravalvar aortic stenosis can also be done effec-
tively in the right parasternal sagittal view. The right parasternal
transverse view can provide another opportunity to evaluate the right
upper pulmonary vein coursing inferior to the right PA before drain-
ing into the left atrium.

The high left parasternal sagittal view, known as the ductal view, al-
lows long-axis evaluation of a patent ductus arteriosus if present
(Figure 12, Video 13) as well as the aortic isthmus and proximal descend-
ing aorta. It provides excellent evaluation of aortic coarctation, especially
if suprasternal windows are unavailable. During a ductal sweep from
right to left, one begins with the reference image of the long axis of
the ascending aorta, followed in order by the main PA, the proximal
left PA, and finally the descending aorta. The transition from the prox-
imal left PA to the descending aorta is generally where a patent ductus
arteriosus is located, usually with a good angle of insonation for Doppler
interrogation. The high left parasternal transverse view is also excellent
for evaluating the proximal branch PAs (Figure 13).

The reference image for the suprasternal long-axis view provides
excellent characterization of the entire aortic arch (Videos 14 and
15)." The short-axis reference image shows the ascending aorta in
cross-section with the SVC to the right and the left innominate vein
coursing anterior to the aorta as it drains into the SVC (Figure 14,
Video 16). Color mapping along the leftward aspect of the left innom-
inate vein can reveal a left SVC, left azygos vein, supreme left
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Table 6 Suggested components of a conscious sedation
policy and protocol

Personnel

e Credentialed provider to administer sedation

e Provider to monitor clinical status during and after sedation
e Trained sonographer

Medications

e List of medications used for sedated echocardiographic studies

e Appropriate dosing and routes of administration for each
medication

e Timing and indications for repeat dosing

Patient care

e Assessment of candidacy

o Documentation of history and physical

e Explanation of procedure to patient and/or family members

e Consent

e Guidelines for cessation of oral intake of solids and liquids before
procedure

Patient monitoring

¢ Vital signs before, during, and after sedation
e Criteria for escalation of care

e Criteria for discharge after sedation

Sonographer preparation

e Review of study indication

e Review of patient history, including prior echocardiograms

o Review of necessary information to obtain from sedated study

e Consideration of 3DE and other adjunct modalities if appropriate

e Review for completeness with interpreting physician before
emergence from sedation

QA documentation

e All successful cases

o All failed sedation cases
e Adverse events

intercostal vein, or anomalous pulmonary venous drainage via a ver-
tical vein. Sweeping superiorly with 2D imaging and color mapping
can determine arch sidedness by characterizing the arch branches
(the first branch in a normal left aortic arch should be the innominate
artery coursing to the right and bifurcating into the right common ca-
rotid and right subclavian arteries). Inferior tilting from the reference
view with color mapping should reveal normal drainage of all four
pulmonary veins into the left atrium (“crab view”). In this view, one
must not mistake the right middle pulmonary vein for the right upper
pulmonary vein or the left atrial (LA) appendage for the left upper
pulmonary vein (Figure 15, Video 17).

Key Points and Recommendations

e Every standard view in pediatric TTE involves focused
and optimized evaluation of specific cardiovascular seg-
ments and connections, particularly in the setting of
CHD.

e A protocol should be established outlining the required
elements and preferred order for all the standard views of
a comprehensive pediatric TTE, understanding that
modified views are often needed to evaluate abnormal
findings.
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Echocardiographic Z Scores

Most parameters of cardiovascular size, function, and blood flow pat-
terns change with total body growth and maturation in children.
Because these are also frequently affected by the abnormal hemody-
namics of a disease state, it is important to distinguish between the ex-
pected physiologic changes associated with increasing body size or
age and the pathologic changes in the setting of acquired or CHD.
Normal pediatric reference values that account for growth and matu-
ration should be readily available so that clinicians and researchers can
distinguish a normal finding from an abnormal one, particularly as
many of these parameters help predict outcome in the setting of heart
disease, determine the type and timing of intervention, and quantify
the response to therapy. The most widely accepted and predictive
determinant of the growth of cardiovascular structures in children is
total body size, usually expressed as body surface area or height,
because of the known relationship between cardiovascular growth
and cardiac output and between cardiac output and total body
size.'® Age is usually the best determinant of most functional indices.
Once the relationship between a measurement and body size and/or
age is characterized in a mathematical model, describing the mean
behavior of the measurement in a normal pediatric population be-
comes the first step in establishing a normal reference range for the
measurement. Ideally, the mathematical model should be simple,
based on physiologic principles rather than purely statistical rules,
and be applicable across the full range of body sizes encountered in
pediatrics.

The next step involves characterizing the distribution of measure-
ment values around the mean. When there is a normal distribution
of the adjusted measurement values around the mean, the SD can
be calculated as Z scores. A Z score of +2 or —2 represents a mea-
surement value that is two SDs above or below the mean value,
usually recognized as the thresholds for normal in a pediatric popu-
lation. Multiple Z score models have been published over the past
several decades to determine how abnormal a measurement is in
growing children (Table 12). Because they use variable measurement
performance and statistical methodologies, there may be a wide
range of Z scores for a particular measurement in the same patient
depending on which model was used.>* The most commonly used
models are each derived from single-center data.”'>> More recently,
the Pediatric Heart Network (PHN) used the 2010 ASE pediatric
quantification guidelines” to establish a normative echocardio-
graphic database from 3,215 North American children enrolled at
19 different centers and divided equally by sex and race.”® The
PHN model calculated Z scores that correlated well with the most
commonly used models.'” However, there were some significant
differences, particularly for the smallest structures such as the left
anterior descending CA diameter. This finding highlights the impor-
tance of using the same Z score model when determining growth
trends over time in an individual patient and when assessing clinical
outcomes and risk in a particular patient population. In the current
era, online Z score calculators have provided easy access to normal
reference ranges for clinical use and for research.”*>2° It is impor-
tant to recognize the limitations with extrapolating “normal” refer-
ence values to abnormal populations, such as premature babies,
obese children, and children with CHD, highlighting the value of
Z score models based on physiologic principles.'® This is especially
true in the obese population, since excess adiposity disrupts the
usual relationships between body surface area and the sizes of car-
diovascular structures, precluding the reliance on normal Z scores in
the setting of obesity.””
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Key Points and Recommendations

e Z scores for echocardiographic measurements are avail-
able for growing children.

o Different published Z score models can provide variable
Z scores for the same measurement in the same patient.

e Echocardiographic Z scores should be used in children,
recognizing the need to use the same Z score model
when trending measurements over time in the same pa-
tient and when assessing risk in a particular patient pop-
ulation.

Agitated Saline and UEAs

During a “bubble study,” an agitated mixture of sterile saline, a small
volume of air or carbon dioxide, and a small volume of blood is in-
jected into a vein, resulting in echogenic microbubbles that are too
large to cross the pulmonary capillary circuit.”® Agitated saline contrast
is used to detect intracardiac and intrapulmonary right-to-left shunting
in a wide range of patient ages and diagnoses. A protocol should be
established to ensure proper use and maximize the benefits of this
adjunct modality in children (Table 13).25?° The intravenous line for
injection is usually placed in the upper extremity on the same side
as the SVC unless a systemic venous anomaly is suspected and re-
quires confirmation. In some patients, bilateral upper extremity
venous injections may help define abnormal venous drainage patterns.
Various methods for optimizing agitated saline contrast injection have
been published for adult patients,”®>° including (1) filling a 10-mL sy-
ringe with saline plus approximately | mL blood if available and 0.5 to
I mL air, (2) connecting that syringe via a three-way stopcock to a sec-
ond 10-mL syringe, and (3) agitating the mixture by passing it back and
forth from one syringe to the other before injection. Apical four-
chamber or subcostal coronal views are typically used, and harmonic
imaging should be considered to improve contrast visualization.
Appearance of contrast in the left atrium and left ventricle within three
to six cardiac cycles after RA opacification with or without a Valsalva
maneuver suggests interatrial shunting. Intrapulmonary shunting is
highly suspected if contrast is seen in the left atrium later than six car-

Table 7 Elements of image quality optimization'®

Image orientation e Adherence to standards for each

view
2D imaging e Transducer choice
e Presentation of region of interest
(focus depth and length, and
magnification when necessary)
e Balance between resolution and
penetration
e Appropriate brightness level
Color mapping Frame rate = 20 Hz

Appropriate color gain
Appropriate Nyquist limit
Deliberate and limited use of color-
compare mode

Appropriate placement of Doppler
sample volume

PW vs CW Doppler interrogation
Appropriate spectral Doppler gain
Scale adjusted to maximize
Doppler signal

Spectral Doppler
display
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diac cycles after RA opacification. A false-positive result may be seen
with release of pooled blood in the pulmonary veins after a prolonged
Valsalva maneuver, and a false negative result may occur with (1)
elevated LA pressures precluding interatrial right-to-left shunting or
(2) a prominent Eustachian valve that causes preferential interatrial
right-to-left streaming from the IVC rather than the SVC.*®

UEAs are manufactured microbubbles composed of a phospholipid
or human albumin membrane around a high molecular weight
gaseous core that (1) are small enough to pass from the systemic veins
through the pulmonary capillary circuit into the left atrium and left
ventricle and (2) can generate increased acoustic signals compared
with the myocardium and surrounding structures, enhancing LV cavity
visualization.>® UEAs are used routinely in adult TTE. Initial safety con-
cerns in patients with pulmonary hypertension, intracardiac shunts,
and unstable cardiopulmonary disease have abated with cumulative
research,’! so that the US Food and Drug Administration removed
the black box warning for the use of UEAs in these patients in 2017.
LV opacification is the only approved indication for UEAs, and off-
label uses have included detection and characterization of intracardiac
masses, apical hypertrophic cardiomyopathy, LV noncompaction, as
well as differences in regional myocardial perfusion at rest and with
stress.> Lumason (sulfur hexafluoride lipid—type A microspheres)
has been approved for pediatric use, particularly in the setting of
obesity, prior cardiac surgery, and perfusion imaging for repaired
CHD and acquired problems such as Kawasaki disease and the multi-
system inflammatory syndrome in children with COVID-19 infection.

Key Points and Recommendations

o Agitated saline contrast injection should be considered
when evaluating intracardiac and intrapulmonary
shunting.

e UEA use has been approved for children.

e A UEA may be considered when delineation of the LV
endocardium to evaluate function by 2DE alone is chal-
lenging.

Three-Dimensional Echocardiography

Guidelines have been published highlighting the value of 3DE in the
quantification of ventricular volumes and function, characterization of
valvar morphology, and evaluation of the atrial septum, ventricular
septum, and outflow tracts.>? Three-dimensional echocardiography
is especially useful when planning surgical interventions that involve
complex intracardiac baffles or complex AV valve repair. Effective
3DE requires optimization of 2DE images, aligning the region of inter-
est in the axial plane and choosing whether to prioritize temporal res-
olution (volume sampling rate) or spatial resolution. Ventricular
volumes are best assessed with high temporal resolution, septal de-
fects and the outflow tracts with high spatial resolution, and valvar
morphology and function with a balance of good temporal and spatial
resolution. Prioritizing temporal or spatial resolution drives the selec-
tion of the data acquisition mode, whether it is acquisition of electro-
cardiographically gated multibeat volumes, real-time 3DE volumes,
or focused wide-sector volumes (3D zoom). Gated volumes provide
the best combination of temporal and spatial resolution, but the pa-
tient must remain still and suspend respiration during acquisition,
which is problematic for most young children. In addition, gated vol-
umes are difficult to obtain in patients with ectopy or other arrhyth-
mias. Three-dimensional echocardiography with color mapping
usually results in lower temporal resolution, limiting its use in children.
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Table 8 Suggested components of a standard
comprehensive transthoracic echocardiographic protocol

Subcostal coronal situs view (vertex up or down)
e 2D + color clip: cross-section of IVC, DAo, spine, liver, stomach
e 2D + color sweep: hepatic veins to IVC to RA

Subcostal sagittal IVC and DAo view (vertex up or down)
e 2D + color clip: IVC

e 2D + color clip: abdominal DAo

e PW: abdominal DAo below diaphragm

Subcostal coronal (long-axis) view (vertex down)
e 2D + color sweep: IVC to RV outflow tract
e Focused 2D + color sweep at low Nyquist limit: atrial septum

Subcostal sagittal (short-axis) view (vertex down)

e 2D + color sweep: bicaval view to LV apex

e Focused 2D + color sweep at low Nyquist limit: atrial septum
e 2D + color clip: right upper pulmonary vein

e 2D + color clip = PW = CW: RV outflow tract

Subcostal right anterior oblique view (vertex down)
e 2D + color clip: RV inflow and outflow

Subcostal left anterior oblique view (vertex down)
e 2D + color sweep: atrial septum
e 2D + color clip: TV and MV en face

Apical four-chamber view (vertex down)

2D + color clip: TV

PW + CW = tissue Doppler: TV

CW: tricuspid regurgitation jet if present

2D + color clip: MV

PW + CW + tissue Doppler: MV

2D + color sweep: coronary sinus to RV outflow tract

2D + color sweep at low Nyquist limit: ventricular septum
Focused 2D clip: LA and LV

Color + PW: one right pulmonary vein

Focused 2D clip: RA and RV (RV-centered view)

TAPSE

2D + color clip = PW = CW: RV outflow tract

Measurements: TV and MV annular diameters; LA end-systolic
area; LV end-diastolic and end-systolic area and length, LV end-
diastolic epicardial length; RV end-diastolic and end-systolic area

Apical two-chamber view (vertex down)

e 2D clip: LAand LV

e 2D + color clip: MV

e Measurements: LA end-systolic area; LV end-diastolic and end-
systolic area and length

Apical three-chamber (long-axis) view (vertex down)
e 2D + color clip: LV outflow tract, AoV, and proximal aorta
e PW + CW: LV outflow tract, AoV, and proximal aorta

Parasternal long-axis view (vertex up)

2D + color sweep: reference to TV back to reference to PV
Focused color sweep: ventricular septum

2D + color clip: MV

2D + color clip: AoV

2D + color clip: TV

CW: tricuspid regurgitation jet if present

2D + color clip: PV

PW + CW: PV

Measurements: AoV annular, aortic root, sinotubular junction, and
AAo diameters; MV and TV annular diameters; PV annular and
main PA diameters
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Parasternal short-axis view (vertex up)

e 2D + color sweep: AoV to apex then back to AoV to main and
branch PAs

e Focused color sweep: ventricular septum

e 2D + color clip: AoV

Focused simultaneous 2D + color clip (color-compare): left main,

left anterior descending, and circumflex CAs

Focused simultaneous 2D + color clip (color-compare): right CA

2D + color clip: MV

2D + color clip: TV

CW: tricuspid regurgitation if present

2D + color clip: PV

PW + CW: PV, main PA, proximal branch PAs

2D clip and M-mode: LV cross-section at level of papillary

muscles

o Measurements: LV end-diastolic and end-systolic areas, LV end-
diastolic epicardial area; LV M-mode end-diastolic and end-
systolic internal diameters, LV M-mode end-diastolic septal and
posterior wall thickness; PV annular, main PA, and proximal
branch PA diameters; left main, proximal left anterior descending,
and proximal right CA diameters

High left parasternal sagittal (ductal) view (vertex up)

e 2D + color sweep: AAo to main PA to left PA and aortic arch to
patent ductus arteriosus (if present) to DAo

e PW + CW: patent ductus arteriosus if present

Suprasternal long-axis view (vertex up)

e 2D + color clip: aortic arch and its branches

e PW + CW: distal transverse aortic arch, aortic isthmus, and
proximal DAo

e Measurements: proximal and distal transverse aortic arch and
aortic isthmus diameters

Suprasternal short-axis view (vertex up)

e 2D + color sweep: AAo superiorly to first branch bifurcation,
showing arch descending to the right or left during sweep with
color mapping

e 2D + color sweep: leftward aspect of left innominate vein (exclude
left SVC or partial anomalous pulmonary venous return to left
innominate vein)

e Focused 2D + color clip = PW: two right and two left pulmonary
veins draining into the left atrium (crab view; caution: right middle
pulmonary vein may be confused with right upper pulmonary vein)

Right parasternal sagittal view (vertex up)
e 2D + color clip: SVC, IVC, atrial septum (exclude sinus venosus
defect)

Right parasternal transverse view (vertex up)
e 2D + color clip: right upper pulmonary vein draining into LA below
level of right PA

Calculations

LV end-diastolic and end-systolic endocardial volumes
LV end-diastolic epicardial volume

LV mass

LV mass-to-volume ratio

LVEF (5/6 area-length method or method of disks)

LV M-mode SF

LA volume

RV systolic pressure from tricuspid regurgitation gradient or from
ventricular septal defect gradient

e PA systolic pressure from PDA gradient

AAo, Ascending aorta; DAo, descending aorta; PDA, patent ductus
arteriosus.
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Table 9 Standard transthoracic echocardiographic views

View Patient/probe position* Reference/sample images Utility

Subcostal coronal situs e Patient position: supine with e Determine abdominal visceral situs

view flexed knees for older patients e Evaluate relative locations of IVC, DAo,
e Probe indicator direction: 3 spine, liver, and stomach
o’clock

e Probe position: between
xiphoid process and navel on
abdomen

Subcostal sagittal IVC e Patient position: supine with Display connection between hepatic

and DAo view flexed knees for older patients segment of IVC and RA
e Probe indicator direction: 12 o If prominent azygos or hemiazygos
o’clock vein is present, consider interrupted

IVC
Evaluate pulsatility and flow in

e Probe position: between
xiphoid process and navel on

abdomen abdominal aorta by color mapping and
PW Doppler
Subcostal coronal e Patient position: supine with e Evaluate coronary sinus, atrial septum,
(long-axis) view flexed knees for older patients AV connections, LV outflow tract, RV
e Probe indicator direction: 3 outflow tract, anterior muscular
o’clock ventricular septum, and
e Probe position: below xiphoid ventriculoarterial connections
process

Reference image: cross-section of
IVC, DAo, spine, liver, and stomach

(Continued)
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Table 9 (Continued)
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View Patient/probe position*

Reference/sample images

Utility

Subcostal sagittal
(short-axis) view

o Patient position: supine with
flexed knees for older patients

e Probe indicator direction: 6
o’clock

e Probe position: below xiphoid
process

Subcostal right anterior e Patient position: supine with
oblique view flexed knees for older patients
e Probe indicator direction: 2
o’clock
e Probe position: below xiphoid
process

Subcostal left anterior e Patient position: supine with
oblique view flexed knees for older patients
e Probe indicator direction: 5
o’clock
e Probe position: below xiphoid
process

Reference image: bicaval view with

SVC and IVC draining into RA

e Evaluate SVC, IVC, right upper
pulmonary vein, atrial septum, LV
outflow tract, RV outflow tract,
ventricular septum, and LV cross-
section

e Display RV inflow and outflow
simultaneously along with en face AoV
view

o For tetralogy of Fallot, evaluate degree
of anterosuperior malalignment of
conal septum

e For perimembranous ventricular septal
defect, display area of fibrous
continuity between TV and AoV

e Evaluate atrial septum

e Display both AV valves en face

e For AV septal defect, display common
AV valve en face

(Continued)
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Table 9 (Continued)
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View

Patient/probe position*

Reference/sample images

Utility

Apical four-chamber .
view

Apical two-chamber .
view

Apical three-chamber e
view

Apical RV-centered .
view

Patient position: left lateral
decubitus (on left side) with left
arm up

Probe indicator direction: 3
o’clock

Probe position: laterally at apex
of heart

Patient position: left lateral
decubitus (on left side) with left
arm up

Probe indicator direction: 2
o’clock

Probe position: laterally at apex
of heart

Patient position: left lateral
decubitus (on left side) with left
arm up

Probe indicator direction: 11
o’clock

Probe position: laterally at apex
of heart

Patient position: left lateral
decubitus (on left side) with left
arm up

Probe indicator direction: 3
o’clock

Probe position: medial
repositioning at apex of heart to
bring RV into focus

Reference image: simultaneous
display of four chambers with TV and
MV at crux of heart

Evaluate TV morphology, function, and
flow

Estimate RV systolic pressure from the
tricuspid regurgitation gradient
Evaluate MV morphology, function,
and flow

e Evaluate ventricular septum
e Measure LV size
e Evaluate LV systolic and diastolic

function
Measure LA size

e Evaluate at least one right and/or one

left pulmonary vein entering the left
atrium

Evaluate LV systolic function

Evaluate mitral-to-AoV fibrous
continuity

Evaluate LV outflow tract and proximal
aorta

Evaluate AoV morphology, function,
and flow

Measure LV outflow tract and AoV
gradient if elevated

Evaluate RV size and systolic function

(Continued)
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View Patient/probe position*

Reference/sample images

Utility

Parasternal long-axis
view

e Patient position: left lateral
decubitus (on left side) with left
arm up

e Probe indicator direction: 10
o’clock

e Probe position: midway along
left side of sternum

Parasternal short-axis
view

e Patient position: left lateral
decubitus (on left side) with left
arm up

e Probe indicator direction: 2
o’clock

e Probe position: midway along
left side of sternum (evaluation
of pulmonary veins may be
better higher along the left side
of the sternum)

Reference image: LV long axis with
apex to left of screen, proximal aorta
long axis

Reference image: AoV cross-section
with RA to the right, RV anteriorly, main
PA to the left, and LA posteriorly

Evaluate mitral-to-AoV fibrous
continuity

Evaluate MV morphology and function
Evaluate AoV morphology and function

o Measure diameters of AoV annulus,

aortic root, sinotubular junction, and
AAo

Display origin of RCA from aortic root
by 2D and color mapping

Evaluate TV morphology, function, and
flow

Estimate RV systolic pressure from the
tricuspid regurgitation gradient
Evaluate PV morphology, function, and
flow

Measure diameters of PV annulus and
MPA

Measure PV and MPA gradient if
elevated

Evaluate AoV morphology

Evaluate MV morphology

Evaluate ventricular septum

Measure LV size

Evaluate LV systolic function

Display origin of LMCA from aortic root
as well as its bifurcation into the left
circumflex and LAD branches by 2D
and color mapping

Measure LMCA, left circumflex, and
LAD diameters by 2D

Display origin of RCA from aortic root
by 2D and color mapping

e Measure RCA diameter by 2D
e Evaluate TV morphology, function, and

flow

Estimate RV systolic pressure from the
tricuspid regurgitation gradient
Evaluate PV morphology, function, and
flow

Measure diameters of PV annulus,
MPA, and proximal branch PAs
Measure PV and MPA gradient if
elevated

(Continued)
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Table 9 (Continued)

View Patient/probe position* Reference/sample images Utility

High left parasternal e Patient position: left lateral e Evaluate AAo
sagittal (ductal) view decubitus (on left side) with left e Exclude a patent ductus arteriosus
arm up e Evaluate morphology and flow in
e Probe indicator direction: 12 patent ductus arteriosus if present
o’clock e Evaluate flow in proximal DAo

e Probe position: left side of
sternum high on chest

(Continued)
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View Patient/probe position*

Reference/sample images

Utility

Suprasternal long-axis e Patient position: supine
view e Probe indicator direction:
around 12 o’clock
e Probe position: suprasternal

notch
Suprasternal short- e Patient position: supine
axis view e Probe indicator direction: 3
o’clock
e Probe position: suprasternal
notch

Reference image: aortic arch and its
branches

Reference image: AAo cross-section
with SVC to the right, left innominate
vein anteriorly, and RPA posteriorly

Evaluate aortic arch and origin of right
innominate, left common carotid, and
left subclavian arteries

Measure diameters of proximal and
distal transverse aortic arch and aortic
isthmus

Evaluate flow along aortic arch and
proximal DAo

Display right innominate artery as first
aortic arch branch and its bifurcation
into the right subclavian and right
common carotid arteries

Display left common carotid artery as
the second aortic arch branch and the
left subclavian artery as the third aortic
arch branch

Evaluate drainage of two right and two
left pulmonary veins into LA by 2D,
color mapping, and PW (crab view;
caution: right middle pulmonary vein
may be confused with RUPV, and LA
appendage may be confused with the
left upper pulmonary vein)

(Continued)
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View Patient/probe position* Reference/sample images Utility
Right parasternal o Patient position: right lateral e Evaluate SVC and IVC flow into RA by
sagittal view decubitus (on right side) with color mapping
right arm up o Evaluate atrial septum
e Probe indicator direction: 12 e Exclude superior sinus venosus defect
o’clock e Evaluate right pulmonary veins
e Probe position: right side of entering the left atrium
sternum e Evaluate AoV flow if subvalvar, valvar,
or supravalvar aortic stenosis present
Reference image: bicaval view with
SVC and IVC draining into RA
Right parasternal e Patient position: right lateral e Evaluate RUPV flow into LA by imaging
transverse view decubitus (on right side) with and color mapping
right arm up
e Probe indicator direction: 3
o’clock

e Probe position: right side of
sternum high on chest

AAo, Ascending aorta; DAo, descending aorta; LAD, left anterior descending CA; LIV, left innominate vein; LMCA, left main CA; LPA, left PA; MPA,
main PA; RCA, right CA; RPA, right PA; RUPV, right upper pulmonary vein.
*Probe indicator direction oriented with the clock face on patient chest so that 12 o’clock points to patient head, 3 o’clock to patient left, 6 o’clock to

patient feet, and 9 o’clock to patient right.

Once the 3DE data set is acquired, it can be reconstructed as a vol-
ume, surface, or series of tomographic slices (multiplane 2DE image
display; Figure 16). Quantification of ventricular volumes and function,
valvar shape and function,®* and short-axis aortic root dimensions can
then be performed on the 3DE data set. Three-dimensional echocardi-
ography is now available on most ultrasound platforms, with smaller
high-frequency pediatric 3DE probes and more automated display op-
tions, allowing increased and more routine use in children. Protocols
should be established, including sufficient training of staff in image
acquisition and postprocessing, identification of clinical scenarios
when 3DE should be used, and establishing a robust quality assurance
(QA) process. Designating specific members of an echocardiography
laboratory to be the 3DE experts or champions can help maximize
its acceptance and use, especially in the setting of complex CHD.
Future directions in 3DE involve advances in sampling speed, image
gating, frame reordering,** strain evaluation, and segmentation algo-
rithms for fully or semiautomated assessment of ventricular function.

Key Points and Recommendations.

o Three-dimensional echocardiography is usefulin the eval-
uation of the atrial and ventricular septum, ventricular
outflow tracts, AV and semilunar valves, and ventricles.

e Three-dimensional echocardiography should be consid-
ered when evaluating septal defects, outflow tract abnor-
malities, valvar morphology and function, and
ventricular volumes.

Strain Imaging

Strain, also known as deformation, is defined for the myocardium as
the percentage change in muscle length relative to its baseline length

in one direction. It can be measured by tracking speckles (natural
acoustic markers) on a 2DE image using STE. In patients with CHD
and abnormal ventricular geometry, STE provides reliable quantifica-
tion of myocardial function as a complement to traditional geometric
parameters such as LV shortening fraction (SF) or ejection fraction
(EF). While peak global longitudinal strain (GLS) is now part of the
routine clinical work flow for adult patients,” the use of STE in pedi-
atrics has been variable, even with growing evidence for its value and
reliability. For example, in children who have received chemotherapy,
LV GLS has identified subtle LV dysfunction earlier than traditional
measures.’® In patients with repaired tetralogy of Fallot, RV GLS
can identify clinically significant dyssynchrony®’ and appropriate
timing for pulmonary valve (PV) replacement.>® In patients with a sin-
gle ventricle, STE can evaluate function across variable morphologies
by tracking myocardial motion without geometric assumptions, iden-
tify electromechanical dyssynchrony, allow serial monitoring of pro-
gressive dysfunction, and predict outcomes.>”*°

STE is most reliable when the 2DE image is optimized in terms of
frame rate and tissue characterization.”” Because of faster heart rates
in children, strain analysis requires higher frame rates for adequate sam-
pling.*" Strain can be measured as shortening (negative values) in the
longitudinal and circumferential direction and as thickening (positive
values) in the radial direction (Figure 17), and GLS appears to have
the most clinical value.’® Reproducibility of strain values is acceptable
when measured on the same ultrasound platform but is poor when
measured on different platforms, even with joint standardization efforts
by the ASE, European Association of Cardiovascular Imaging, and in-
dustry representatives.*>** Reproducibility for LV global circumferen-
tial strain is not as good as LV GLS but remains adequate for clinical
use.*® Radial strain is not routinely used because of poor reproducibility.
Strain rate peaks in early systole, and compared with strain, it provides a
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Table 10 Elements of an initial comprehensive transthoracic
echocardiogram (adapted from ACPC Quality Network
quality metrics)'®

Segment TTE elements

Situs, veins, atria Liver and stomach (2D)
Cardiac position (2D)

IVC, DAo, spine (2D)

IVC to RA (2D + color)

SVC to RA (2D + color)
Two right and two left pulmonary veins
to LA (2D + color)
Coronary sinus (2D + color)
RA size (qualitative)

LA size (qualitative)

Atrial septum (2D + color)

AV valves e TV (2D + color + PW + CW)

e Tricuspid regurgitation (CW)

e MV (2D + color + PW + CW)

e MV short-axis (2D + color)
Ventricles e Ventricular septum (2D + color)

RV size and function (qualitative)

e LV size and function (qualitative +
quantitative)

e LV mass orLV end-diastolic septal and

posterior wall thickness

RV outflow tract (2D + color + PW +

CW)

LV outflow tract (2D + color + PW +

CW)

PV (2D + color + PW + CW)
e AoV (2D + color + PW + CW)

e Branch PAs (2D + color + PW + CW)

e Patent ductus arteriosus if present
(2D + color + PW + CW)

e CAs (2D + color)

e AAo (2D + color + PW + CW)

e Aortic arch sidedness and branching

pattern (2D + color)

Aortic arch (2D + color + PW + CW)

e Abdominal aorta (color + PW)

Semilunar valves

Vessels

Pericardium

Pericardial effusion if present (2D)

AAo, Ascending aorta.

less load-dependent parameter that correlates better with contractility.
However, it requires high frame rates, and its inherent noise and poor
reproducibility limit routine clinical use in children. STE can evaluate
regional mechanics through quantitative and qualitative assessment of
regional strain curves, but reproducibility of this approach is poor.**
Pattern analysis of segmental strain curves can distinguish electrome-
chanical dyssynchrony from nonspecific discoordination (or mechani-
cal dispersion), helping identify potential candidates for cardiac
resynchronization therapy (Figure 18).*>¢

The determination of normal STE reference values for children has
been limited by variable techniques and segmentation methodologies
from multiple ultrasound platforms.*”*® In general, the lower limit of
normal for LV endocardial GLS ranges from —17% to — 18%.*”*°
Beyond the newborn period, pediatric strain values decrease mildly
with age, although the variability in normal values tends to be more
pronounced than age-related changes, presumably because of differ-
ences in measurement techniques, vendor-specific ultrasound sys-
tems, and software versions.*”>° For example, various ultrasound

Lopez etal 137

platforms evaluate strain at different layers of the myocardium, often
yielding different strain values for the same ventricular segment. In
addition, including the pericardium in the region of interest can spuri-
ously reduce myocardial strain values.

Other STE parameters have been used in children, although their
clinical value is still limited at this time. LA strain and other measures
of LA function may help assess pediatric LV diastolic function and
risk for various acquired and CHD.”"*> Myocardial work, defined as
the product of arterial pressure and myocardial strain, may provide a
novel and more sensitive index of myocardial function independent
of loading conditions in specific situations.”>>* Three-dimensional
strain analysis to measure longitudinal, circumferential, and area strain
as well as measures of rotational mechanics may provide valuable in-
formation about ventricular mechanics in some pediatric popula-
tions.”>>® Finally, artificial intelligence algorithms to automatically
identify standard apical views, segment cardiac chambers, and
perform strain analysis have been studied in adults and may facilitate
increased use of STE because it is faster and less operator dependent.””
However, this has not yet been adequately evaluated in children.

Key Points and Recommendations

o STE has become standard practice in many pediatric TTE
laboratories.

e Measurement of LV GLS may be incorporated into LV
functional protocols.

e RVand single ventricular GLS, LV circumferential strain,
and regional strain pattern analysis may be useful in tar-
geted populations.

e Optimal STE requires high frame rates, and serial evalu-
ations should use a single ultrasound platform.

SEGMENTAL PROTOCOLS

Systemic and Pulmonary Veins

Anomalies of the systemic and pulmonary veins usually involve
abnormal drainage or obstruction and can present as an isolated
finding or in combination with other CHD. TTE is the primary imag-
ing modality to evaluate venous connections and size and possible
obstruction. Obstruction should be suspected when turbulence is
seen with color mapping, and spectral Doppler interrogation will
reveal loss of the usual phasic variation with higher velocity flow
(Figure 19). Doppler interrogation of systemic and pulmonary veins
can also aid in evaluation of ventricular systolic and diastolic function
as discussed below. Occasionally, transesophageal echocardiography,
cardiac computed tomography, cardiac MRI, and/or angiography is
needed for diagnostic confirmation of abnormal anatomy.

SVC, IVC, hepatic venous, and coronary sinus connections to the
right atrium should be evaluated with sweeps in subcostal coronal and
sagittal views as well as parasternal and modified apical views with
posterior tilting.' These views can often identify a persistent left
SVC connected to a dilated coronary sinus or LA (Figure 20).
Interruption of the intrahepatic [VC should be suspected if (1) the
IVC is not seen within the liver in the subcostal coronal view and
(2) subcostal sagittal sweeps with color mapping reveal the azygos
vein as a prominent vertical venous structure behind the descending
aorta with flow directed superiorly. A prominent hepatic vein should
not be confused with the [IVC in this setting. A suprasternal short-axis
view should show normal drainage of the left innominate vein into
the right SVC (Figure 14A) and identify a retroaortic left innominate
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Figure 1 Subcostal coronal situs view: reference image
showing the relative locations of the spine, inferior vena cava
(IVC), and descending aorta (DAO0) at the level of the diaphragm.

vein, left SVC, or a connecting vein between bilateral SVCs. Right par-
asternal sagittal views also provide information about the SVC and
IVC, especially in older children and adults (Figure 11A), and partic-
ularly if there is an overriding SVC in the setting of a sinus venosus
defect (Figure 11B). Although adult TTE protocols usually include
IVC diameter measurements during the respiratory cycle,>? systemic
venous sizes are not routinely measured in pediatrics, because there
are no studies showing good correlation between IVC size and RA
pressure in children. Like color mapping and Doppler interrogation,
agitated saline contrast can provide information about anomalous sys-
temic venous connections or obstruction.

Pulmonary venous return should be evaluated in high left paraster-
nal or suprasternal short-axis “crab” views (Figure 15)." These views
may reveal the right lower and right middle pulmonary veins con-
nected to the left atrium, but they may not exclude anomalous
drainage of the right upper pulmonary vein into the SVC. Subcostal
sagittal and right parasternal views are best at showing the right upper
pulmonary vein coursing inferior to the right PA and posterior to the
right SVC before draining into the LA (Figure 5). Apical views have
also been used to evaluate pulmonary venous return to the left
atrium, although this view may not be able to distinguish the upper

Figure 2 Subcostal sagittal (short-axis) bicaval view: reference
image showing the superior vena cava (SVC) and intrahepatic
inferior vena cava (IVC) connecting to the right atrium as well
as the atrial septum between the right atrium and left atrium (LA).
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Figure 3 Abdominal aortic Doppler flow patterns from the sub-
costal sagittal view: (A) normal pulsatile flow pattern with brisk
upstroke and return to baseline; (B) diastolic delay in return to
baseline suggestive of aortic arch obstruction; (C) blunted flow
pattern and no return to baseline consistent with significant
aortic arch obstruction; and (D) holodiastolic flow reversal as
seen with at least moderate aortic regurgitation, a significant
patent ductus arteriosus, aortopulmonary collateral artery, arte-
riovenous malformation, shock, or moderate sedation.

from the lower pulmonary vein on both sides. Careful sweeps with
color mapping in subcostal, parasternal, and suprasternal views are
needed to exclude anomalous pulmonary venous connections.
Total anomalous pulmonary venous return should be suspected in
newborns with cyanosis when subcostal imaging reveals right-to-left
shunting across a patent foramen ovale throughout the cardiac cycle
in association with a small LA. Partial anomalous pulmonary venous
return may or may not be associated with RV dilation; typical loca-
tions for anomalous connections include the right SVC for the right
upper pulmonary vein, the IVC for the right lower pulmonary vein



Journal of the American Society of Echocardiography
Volume 37 Number 2

Figure 4 Subcostal coronal (long-axis) view: optimal visualiza-
tion of the atrial septum because it is perpendicular to the direc-
tion of the ultrasound beam in this view. LA, Left atrium; RA, right
atrium.
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(as seen with scimitar syndrome), the left innominate vein for the left
upper pulmonary vein, and the coronary sinus for the left lower pul-
monary vein.

Key Points and Recommendations

e Evaluation of the systemic and pulmonary veins by 2DE,
color mapping, and spectral Doppler interrogation
should be performed for all initial pediatric TTE.

Atria and Atrial Septum

Standard protocols should include evaluation of atrial size and
morphology as well as atrial connections to the systemic and pulmo-
nary veins and to the AV valves. The appearance and location of the
atrial appendages should be evaluated when possible, making sure to
distinguish the LA appendage with its to-and-fro flow from the left up-
per pulmonary vein with antegrade flow into the left atrium. Atrial
size is best assessed in apical four-chamber or subcostal coronal views,
although subcostal sagittal and parasternal views can also be helpful.
Atrial dilation usually results from associated AV valve stenosis or
regurgitation, ventricular volume overload or hypertrophy, or

Figure 5 Subcostal sagittal (short-axis) view: right upper pulmonary vein (asterisk) coursing inferior to the right pulmonary artery (RPA)
and posterior to the superior vena cava before draining into the left atrium (LA). RA, Right atrium.

Figure 6 Subcostal right anterior oblique view with counterclockwise rotation of the transducer from the subcostal coronal view for
simultaneous visualization of the right ventricular (RV) inflow and outflow tracts: (A) normal heart with an unobstructed RV outflow
tract and (B) tetralogy of Fallot with anterior deviation of the conal septum resulting in a ventricular septal defect (VSD) and narrow
RV outflow tract; color mapping reveals an unrestrictive VSD and subvalvar pulmonary stenosis with turbulent flow along the narrow

RV outflow tract. MPA, Main pulmonary artery; RA, right atrium.
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Figure 7 Subcostal left anterior oblique view with clockwise rotation of the transducer from the subcostal coronal view for en face
visualization of the atrioventricular (AV) junction: (A) normal heart with separate tricuspid valve (TV) and mitral valve (MV) orifices
and an unobstructed left ventricular (LV) outflow tract and (B) AV septal defect with an en face view of the common AV valve and
an unobstructed right ventricular (RV) outflow tract. Ao, Aorta; PA, pulmonary artery.

Figure 8 Apical views: (A) apical four-chamber view, (B) apical three-chamber view, (C) apical two-chamber view, and (D) right
ventricular (RV)-focused apical four-chamber view with movement of the probe more medially from the standard apical four-
chamber view. Reproduced with permission from Lopez et al.? Ao, Aorta; LA, left atrium; LV, left ventricle; RA, right atrium.
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Figure 9 Parasternal long-axis view: reference image showing
the left atrium (LA), left ventricle (LV), proximal aorta (Ao), and
right ventricle (RV) as well as the fibrous continuity between
the MV and AoV.
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ventricular diastolic dysfunction, so these should be excluded when
atrial dilation is present.

Quantification of RA size is not standard in pediatric TTE, although
the 2010 guidelines suggested the use of major- and minor-axis
lengths from apical four-chamber views.” Normal values for RA areas
have been published.’® For the LA, some centers use the anteropos-
terior LA diameter—to—aortic root diameter ratio obtained by M-
mode or 2DE to assess the hemodynamic significance of a patent duc-
tus arteriosus in premature infants, although this ratio correlates
poorly with LA volumes and is not included in the 2011 ASE guide-
lines for targeted neonatal TTE.>” Calculating LA volumes from LA
areas or area and length measurements obtained in apical four-
chamber and two-chamber views at end-systole just before left AV
valve opening has become standard practice in many centers
(Figure 21), providing useful information about diastolic function
and ventricular filling pressures.” A >5-mm difference in LA lengths
measured in four-chamber and two-chamber views invalidates the
LA volume calculation.”’ Normal 2DE reference values for LA vol-
umes in children have been published.®® LA strain as a measure of
LA function may be used to evaluate LV diastolic function,®>? and

Figure 10 Views to evaluate the coronary artery (CA): (A) parasternal short-axis view showing the left main CA (LMCA) and proximal
right CA (Prox RCA) originating from the aortic root with the LMCA supplying the left anterior descending CA (LAD), with proximal
(Prox LAD) and distal (Dist LAD) regions shown, as well as the circumflex CA (Circ); (B) parasternal long-axis view showing the origin
of the right CA (asterisk) from the anterior aspect of the aortic root; (C) modified parasternal long-axis view with rightward and poster-
oinferior tilting of the transducer showing the posterior descending CA (PDCA) coursing along the posterior interventricular groove;
and (D) modified apical four-chamber view with posterior tilting showing the distal RCA coursing along the right-sided posterior AV
groove. Reproduced with permission from Lopez et al.? Ao, Aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RPA, right PA; RV,

right ventricle.
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Table 11 Protocol for patients with dextrocardia

View Transducer indicator direction

Subcostal coronal (long-axis) view Patient’s left side
Subcostal sagittal (short-axis) view
Apical view

Parasternal long-axis view

Patient’s lower extremity
Patient’s left side
Patient’s left shoulder
Parasternal short-axis view Patient’s left hip
Suprasternal long-axis view Patient’s head

Suprasternal short-axis view Patient’s left side

3DE has been used to measure LA volumes and strain in healthy chil-
dren with normal reference values.®!

The atrial septum should be evaluated in all initial pediatric
TTE studies.”® A secundum atrial septal defect or sinus venosus
defect should be suspected when RA or RV dilation is seen.
Subcostal and right parasternal views provide the best evaluation
of the atrial septum because it is perpendicular to the ultrasound
beam in these views (Figures 4 and 11). Color mapping can
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confirm interatrial shunting across a patent foramen ovale or
atrial septal defect, and PW Doppler interrogation can
characterize the direction of flow throughout the cardiac cycle.
The size of a secundum atrial septal defect should be measured
in orthogonal planes along with the sizes of the rims at the
superior, inferior, anterior, and posterior margins of the defect
to determine if device closure is feasible. Three-dimensional echo-
cardiography can be helpful in characterizing the shape and size
of a defect, and evaluation of the spatial relationship of a defect
with the systemic and pulmonary veins and with the AV valves
can help with planning optimal treatment strategies.

Key Points and Recommendations

e The atrial septum should be evaluated in subcostal or
right parasternal views.

e When possible, LA volumes should be measured, partic-
ularly when there is MV dysfunction, LV volume over-
load or hypertrophy, or suspected LV diastolic
dysfunction.

Figure 11 Right parasternal long-axis view: (A) bicaval reference view showing connection of the superior vena cava (SVC) and
inferior vena cava (IVC) to the right atrium (RA) with a nearly perpendicular orientation of the atrial septum relative to the ultrasound
beam and (B) magnified image of a superior sinus venosus defect (asterisk) with relationship of the SVC to both the RA and left atrium

(LA). RPA, Right pulmonary artery.

Figure 12 High left parasternal sagittal (ductal) view: (A) normal heart with no ductal connection between the distal main pulmonary
artery (MPA) and the proximal descending aorta (DAo) and (B) image with color mapping showing a small patent ductus arteriosus
(asterisk) with flow from the proximal DAo to the distal MPA. LPA, Left PA.
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Figure 13 High left parasternal transverse view: main pulmo-
nary artery (MPA) bifurcating into the proximal right pulmonary
artery (RPA) and left pulmonary artery (LPA). AAo, Ascending
aorta.

AV Valves

The AV valve apparatus includes the annulus, leaflets, papillary
muscles, and chordae tendineae, all of which should be character-
ized during TTE." There is more variability among the components
of the tricuspid valve (TV) than the MV.%? Morphologic abnormal-
ities can occur at the valvar and subvalvar level (Table 14).
Morphometric assessment of transverse annular diameters has
been described previously,” and standard practice involves mea-
surements in diastole at the frame after maximum leaflet excursion,
from inner edge to inner edge at the hinge points of the leaflet at-
tachments in apical and parasternal views (Figure 22). AV valve
area is not routinely measured in children because of the paucity
of normal data and validation of its value.°®> The subcostal left ante-
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rior oblique view is frequently used in patients with a complete AV
septal defect for an en face evaluation of the common AV valve
and its relationship with the ventricular septum to determine the
degree of balance (Figure 7).

When there is AV valve stenosis, CW Doppler interrogation
should measure the velocity time integral to calculate the mean
pressure gradient across the valve. Other methods from the adult
guidelines include pressure half-time and effective orifice area,
although these have limited use in children.” Faster heart rates in
children decrease the diastolic filling time and can increase the
mean gradient across stenotic valves, necessitating the documenta-
tion of heart rates.°> Other potential confounders when assessing
AV valve stenosis include suboptimal angle of interrogation, AV
valve regurgitation, CHD with increased flow across the AV valve
(ventricular septal defect or patent ductus arteriosus for the MV
and atrial septal defect for the TV), and potential atrial decompres-
sion or “pop-off” via an atrial septal defect. RV and PA systolic pres-
sures should be assessed when there is MV stenosis.
Recommendations from adult guidelines for quantitative and semi-
quantitative evaluation of AV valve regurgitation include effective
regurgitant area, vena contracta, and regurgitant fraction and vol-
ume. The presence of multiple regurgitant jets, inconsistent defini-
tions of severity, and poor reproducibility® have limited their use
in children. Instead, most pediatric centers assess AV valve regurgi-
tation severity by (1) using color mapping for a qualitative assess-
ment of the regurgitant jet(s), (2) quantifying associated atrial
and/or ventricular dilation if present, and (3) evaluating for systolic
flow reversal in the systemic or pulmonary veins.®®

Various studies showing the value of 3DE in characterizing AV
valve morphology and function have been published.°*®” The
2017 3DE in CHD guidelines highlight the ability of 3DE to assess
leaflet morphology, chordal support, and number and location of re-
gurgitant jets by providing multiple views of the AV valves, including
en face views from the atrial or ventricular aspect (Figure 23).° In
addition, the document outlines the best views to use during the
3DE evaluation of specific AV valvar abnormalities such as Ebstein
anomaly of the TV, MV prolapse, parachute MV, double-orifice
MV, and AV septal defect. The use of 3DE to quantify AV valve regur-
gitation has not yet been validated in children.

Figure 14 Suprasternal views: (A) short-axis reference image showing the ascending aorta (AAo) in cross-section with right pulmo-
nary artery (RPA) coursing posteriorly and the left innominate vein (LIV) coursing anteriorly before draining into the superior vena cava
(SVC) and (B) long-axis reference image showing diameter measurement locations for the proximal transverse aortic arch (PTA),
distal transverse aortic arch (DTA), and aortic isthmus (Al). Reproduced with permission from Lopez et al.? LA, Left atrium; LCCA,

left common carotid artery; LSA, left subclavian artery.
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Figure 15 Suprasternal short-axis (“crab”) view: inferior angulation with color-compare showing four pulmonary veins (asterisk)
draining into the left atrium (LA). Ao, Aorta; RPA, right pulmonary artery.

Key Points and Recommendations

e AV valve morphology and function should be evaluated
in multiple views.

e Assessment of AV valve stenosis may not be accurate in
children with faster heart rates or intracardiac shunts.

e Quantitative Doppler assessment of the severity of AV
valve stenosis should be performed, recognizing the lim-
itations in children.

e Quantitative assessment of the severity of AV valve regur-
gitation is limited in children, so qualitative assessment
or other indirect surrogates of severity should be used.

e Three-dimensional echocardiography may be useful in
the evaluation of AV valve morphology in targeted pop-
ulations.

Right Ventricle

The right ventricle is difficult to evaluate by TTE because of its com-
plex geometry, trabeculations, and retrosternal position.
Understanding RV anatomy requires sweeps in subcostal, apical,
and parasternal views. Nonstandard views that focus on the right
ventricle include modified apical four-chamber and three-chamber
RV views located more medially on the chest (Figure 8D) and the sub-
costal right anterior oblique view (Figure 6A).°® Abnormal RV geom-
etry in various CHDs can affect RV pump function.®® Multiple
measurements have been used to assess RV size and function, all
with significant limitations and suboptimal intraobserver and interob-
server reliability. Consequently, comprehensive evaluation should (1)
include a subjective assessment to provide context for the interpreta-
tion, (2) not be limited to a single parameter, and (3) account for the
full range of abnormal loading conditions that contribute to measure-
ment variability (Table 15).

Measures of RV Size. RV size can help predict outcomes, including
the need for interventions like PV replacement in patients with pulmo-
nary regurgitation and associated RV volume overload.”’ Compared
with RV volumes derived from cardiac MRI, 2DE linear RV measure-
ments exhibit weak correlation, 2DE areas exhibit moderate correla-
tion, and 3DE volumes exhibit good correlation.”' RV areas and
volumes should be measured during both diastole and systole: end-
diastole occurs when the TV closes and end-systole occurs at the frame
just before the TV opens. Linear measurements (RV basal and midcavity

minor-axis diameters and RV major-axis length) are generally per-
formed in apical four-chamber views at end-diastole, taking care not
to foreshorten the right ventricle (Figures 24A and B).? The RV apical
minor-axis diameter can be helpful because apical remodeling corre-
lates with RV dysfunction and with clinical outcomes in several clinical
scenarios (Figure 24A).”>”> RV areas should also be obtained in apical
four-chamber views (Figure 24C).> Although RV linear and area mea-
surements are suboptimal estimates of RV volumes, they may be useful
for serial evaluations of RV size and may help signal the need for cardiac
MRL”* Multiple 3DE methods to measure RV volumes have been used,
and fully automated methods are now available. Nevertheless, RV eval-
uation by 3DE is still not routinely done in children, mostly because (1)
3DE-derived volumes tend to underestimate MRI-derived volumes,”>
(2) there is a paucity of normal pediatric reference values, (3) application
of 3DE RV algorithms have not yet been fully validated for the abnor-
mally shaped RV in CHD, and (4) incorporating 3DE into clinical
work flow can be challenging.®

Two-Dimensional Echocardiographic and 3DE Measures of
RV Systolic Function. Because of the complex 3D shape of the
right ventricle, 2DE measures of RV function that use apical four-
chamber views, namely, tricuspid annular plane systolic excursion
(TAPSE) and fractional area change (FAC), do not account for the
RV outflow tract contribution to performance.”® TAPSE involves M-
mode evaluation of systolic longitudinal displacement of the lateral
tricuspid annulus in the apical four-chamber view to quantify RV lon-
gitudinal systolic function. Color M-mode improves measurement
reliability by precisely defining peak displacement (Figure 25).
Normal reference values and Z scores have been published.””
TAPSE correlates well with RV function and abnormal loading condi-
tions, although it is more useful with RV pressure overload than RV
volume overload, which can cause passive rocking of the TV
annulus.”® In children with pulmonary hypertension, TAPSE corre-
lates well with RV work, reflects adequacy of RV adaptation to pres-
sure overload,”? and predicts adverse outcomes.®® TAPSE does have
several limitations: (1) it does not reflect apical function, which may
be reduced when basal function is normal; (2) it does not measure
the RV radial or circumferential systolic function, which in some sce-
narios may increase as longitudinal function decreases; (3) it does
not always correlate with tissue Doppler velocities because of sam-
pling variability, translational motion, segment-to-segment interac-
tions, and regional differences in RV longitudinal and radial function
at the base; and (4) it does not account for the RV outflow tract.
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Table 12 Comparison of commonly used Z score models'®

Lopez etal 145

Z score model

PHN?

Boston?'

Italy®?

Detroit®®

Reference
Model regression’

Data source
Sample size
Study population

Race data
Observers

Lopez et al. (2017)%°
y=m x BSA®

19 centers
3,215

. Weight-for-length Z < 2

if <2 y old

. BMI < 95th percentile if

=2y old

. Gestational age = 37 wk
. No structural or CHD
. No systemic disorder

with cardiovascular
manifestations

. No family history of left

heart disease or
cardiomyopathy

Multiracial
2

y=

o0 N =

Boston Z scores*

m x BSA*(y=8+m x
BSA“ for the CAs)

1 center
>2,000

. Weight > 2.5 kg

. BSA>0.18 m?

. —2>BMIZ>2

. No premature babies
. No structural or CHD
. No systemic disorder

with cardiovascular
manifestations

. No family history of left

heart disease or
cardiomyopathy

Not reported
Multiple

Cantinotti et al. (2017)2
In(y) = 8 + [m x In(BSA)]

1 center
1,151

. Weight-for-length Z < 2

if <2 y old

. BMI < 95th percentile if

=2 yold

. Premature babies

included

. No structural or CHD
. No systemic disorder

with cardiovascular
manifestations

. No family history of

genetic cardiac disease
Caucasian
1

Pettersen et al. (2008)>°
In(y) = 8 + (m1 x BSA) + (M2
x BSA?) + (m3 x BSAY)
1 center
782

1. No obese subjects

2. BSA<2m?

3. No reference to
gestational age or BMI

4. No structural or CHD

5. No systemic disorder
with cardiovascular
manifestations

6. No family history of
genetic cardiac disease

Not reported
Multiple

BMI, Body mass index; BSA, body surface area; CHD, congenital heart disease.

*The original publication from Boston involved only 496 children (18), but the regression equations used for comparison in this study were based on
data from >2,000 children with variable sample sizes for each parameter.

Ty = measurement value; 8 = intercept; m, m4, m,, and mz = slope values.

FAC is calculated as the difference between RV diastolic and systolic
areas divided by the diastolic area. Although its reproducibility is
limited by trabeculations that complicate endocardial definition,
FAC provides information about RV longitudinal and radial func-
tion at the base and apex, and it accounts for translational motion
of the right ventricle. Finally, RVEF can be calculated from 3DE
RV volumes, and 3DE methods to measure RV size and function
are better than 2DE methods compared with MRI (Figure 26).%'
When feasible, 3DE assessment of RVEF may be useful in select
scenarios, including pulmonary hypertension and repaired tetralogy
of Fallot.®

RV Doppler Indices. The peak tricuspid regurgitation jet velocity
estimates RV systolic pressure and is used routinely in clinical practice.
The systolic-to-diastolic duration ratio calculated from tricuspid regur-
gitation duration compared with the rest of the cardiac cycle has been
used to evaluate RV function. It reflects adverse RV-LV interactions
with RV pressure overload and predicts outcomes in patients with
pulmonary hypertension, cardiomyopathy, and single ventricle
CHD.%? TDI evaluation of peak systolic velocity (s') at the lateral
TV annulus provides information about RV longitudinal systolic func-
tion. The myocardial performance index (MPI), calculated as the sum
of isovolumic contraction and relaxation times divided by ejection
time measured by spectral Doppler or TDI evaluation, is another in-
dex of combined RV systolic and diastolic function. Isovolumic times
are short or absent when pulmonary vascular impedance is low, so RV
MPI is highly variable and not useful in the normal RV. However, iso-
volumic times increase when abnormal loading conditions negatively
affect RV function. Consequently, RV MPI may be less variable and
more useful in the setting of RV pressure overload, as seen in pulmo-
nary hypertension and systemic RVs in biventricular circulation (such
as congenitally corrected transposition of the great arteries).®

STE Assessment of RV Mechanics. RV GLS may predict clinical
outcomes in patients with pulmonary hypertension and repaired tetral-
ogy of Fallot.**®> RV and single ventricular GLS is typically measured in
a single apical view with relatively good reproducibility using a single ul-
trasound platform.>*%” RV GLS is usually reported as the average of
basal, mid, and apical lateral wall segments. Because the septum is
shared by both ventricles and is important to RV ejection, the average
of three lateral wall and three septal segments may be useful (Figure 27).

Measures of RV Diastolic Function. RV diastolic function is not
routinely evaluated in pediatric TTE. As with RV systolic function,
multiple parameters should be considered when evaluating RV dia-
stolic function, always in the context of the clinical scenario. TV inflow
velocities during early filling (E wave) and atrial contraction (A wave)
as well as the E/A ratio have been used to evaluate RV relaxation and
filling. TDI evaluation of peak early diastolic velocity (¢') at the lateral
TV annulus is another measure of RV diastolic function that may pre-
dict clinical outcomes (the peak late diastolic velocity or a’ has not
been linked to clinical outcomes). TV E/¢’ ratio can also be used to
evaluate RV diastolic function, but it does not reliably reflect RV filling
pressures in children.®® In the absence of significant TV dysfunction,
qualitative assessment of RA size may reflect RV filling pressures.
Surrogates of RA pressure, such as hepatic vein A-wave reversal,
may help identify decreased RV compliance. Antegrade flow across
the PV at end-diastole is also associated with restrictive RV physiology,
although its clinical significance has not been fully defined.®’

RV-LV Interactions. RV-LV interactions occur because of shared
myocardial fibers, the shared interventricular septum, and the globally
enclosing pericardium.”’® They are important in the setting of RV pres-
sure and volume overload, as the interactions can lead to decreased
LV filling and output with abnormal RV loading conditions.
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Table 13 Suggested components of an agitated saline
contrast and UEA protocol

Agitated saline contrast study

Appropriate indication

e Possible intracardiac shunt

e Possible intrapulmonary shunt

e Possible unroofed coronary sinus

Location of intravenous site for contrast injection

e Right antecubital vein if right SVC

e Left antecubital vein if left SVC draining to the coronary sinus

e Bilateral antecubital veins to evaluate bilateral SVCs = connecting
vein

Appropriate transthoracic echocardiographic view

e Apical four-chamber view

e Subcostal coronal view

Harmonic imaging to improve visualization of contrast

Contrast preparation and injection

e Two 10-mL syringes connected by a three-way stopcock, one syringe
filled with normal saline + 0.5-1 mL air = 1 mL blood from patient,
agitated by passing mixture from one syringe to the other

e Rapid injection of mixture while acquiring a long image clip (up to 10
sec)

e Full contrast opacification of the right atrium and right ventricle

Testing for intracardiac (interatrial) shunt

e Likely present if contrast appears in LA within three to six cardiac
cycles after RA opacification

e Valsalva maneuver or gentle pressure on abdomen to increase RA
pressure as confirmed by leftward shift of atrial septum helpful if initial
test negative

Testing for intrapulmonary shunt
o Likely present if contrast appears in LA later than six cardiac cycles
after RA opacification

Testing for unroofed coronary sinus

e Agitated saline contrast injection into a left superior systemic vein

e Present if contrast appears in coronary sinus then simultaneously in
RA and LA

UEA study

Approved pediatric indication (Lumason)

e LV cavity opacification

Off-label indications

e Intracardiac mass

o Apical hypertrophic cardiomyopathy

e LV noncompaction

o Differences in myocardial perfusion at rest or with stress

Parameters to evaluate RV-LV interactions in the setting of RV pressure
overload include systolic-to-diastolic duration ratio, septal curvature,
early diastolic leftward septal displacement, LV eccentricity index, and
RV-to-LV diameter ratio at end-systole in parasternal short-axis views.”!
When there is constrictive or tamponade physiology, RV-LV interactions
are manifested as exaggerated respiratory variation with increased RV
filling during inspiration and increased LV filling with expiration.

Future Directions. New modalities to evaluate the right ventricle
in various clinical scenarios are being studied and validated in chil-
dren. For example, measures of RV electromechanical dyssynchrony
may be useful because it can contribute to RV remodeling and
dysfunction in patients with repaired tetralogy of Fallot and other
CHDs.?” RV global and regional myocardial work (the product of
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Figure 16 Three-dimensional echocardiography with multiplanar
reconstruction: secundum atrial septal defect (asterisk) visualized
from the right atrial aspect. IVC, inferior vena cava; RVOT, right
ventrical outflow; SVC, superior vena cava; TV, tricuspid valve.

pressure and strain) and other similar parameters such as constructive
and wasted myocardial work can inform on the mechanisms of RV
dysfunction and may provide a more comprehensive and sensitive
assessment of RV function than strain alone.”” Three-dimensional
echocardiography, 3D strain evaluation, and artificial intelligence
have been used together for a more extensive regional assessment
of the RV base, apex, and outflow tract.’® Diastolic strain rates have
been shown to correlate with RV filling pressures.”® Ultrafast ultra-
sound techniques may eventually provide information on intracavi-
tary flow patterns, myocardial perfusion, and tissue stiffness.”*

Key Points and Recommendations

e Most RV systolic functional parameters do not account
for the contribution of the RV outflow tract.

e RV systolic function should be evaluated by a combina-
tion of qualitative assessment and quantitative parame-
ters.

e TAPSE and FAC are useful indices of RV systolic function.

e Three-dimensional echocardiographic measurements of
RV volumes and EF as well as longitudinal strain analysis
may be performed when feasible in certain conditions.

Left Ventricle and Ventricular Septum

In normal hearts, the left ventricle is usually seen as a muscular bullet
shape in subcostal coronal, apical, and parasternal long-axis views
and as a muscular circular structure in subcostal sagittal and parasternal
short-axis views. Assessment of LV size and global and regional perfor-
mance is a crucial component of a complete pediatric TTE. This can be
challenging in pediatrics because of the wide variability of LV shapes
and sizes in children, especially in the setting of CHD. Ventricular
dysfunction is common in patients with acquired, genetic, or CHD, pre-
senting as primary or secondary cardiomyopathy, often in the setting of
myocarditis, other inflammatory processes, musculoskeletal disease,
chemotherapy, or prior cardiac surgery. Serial measurements are essen-
tial to evaluate progressive dysfunction, monitor response to therapy,
or identify new or recurrent complications of CHD.

Two-Dimensional Echocardiographic and M-Mode Mea-
sures of LV Size. Different methods to measure LV size have
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Figure 17 Two-dimensional strain echocardiography: (A) upper panels showing normal strain values for left ventricular (LV) global
longitudinal strain (GLS) from the apical four-chamber (LV4), apical two-chamber (LV2), and apical three-chamber (LV3) views that
are then combined to form the bull’s-eye image on the upper right corner; (B) lower panels showing normal strain curves for LV
circumferential strain from the parasternal short-axis view at the level of the papillary muscles.

been described, each with advantages and weaknesses (Table 16).%>°

Two-dimensional echocardiographic LV sizes should be measured
during (1) end-diastole at the frame with maximum chamber luminal
area or when the MV closes and (2) end-systole at the frame with min-
imum area or just before the MV opens. Parasternal short- or long-axis
views are usually used to measure septal and posterior wall thickness
and internal diameter of the LV short axis from septum to free wall;
parasternal short-axis views are usually used to measure LV areas
along the short-axis plane; and apical views are usually used to mea-
sure LV areas along the long-axis plane and LV long-axis lengths from
base to apex. The blood-endocardium interface should be well visu-
alized in these views. Although the ASE guidelines for adult TTE
recommend LV internal diameter measurements in parasternal
long-axis views to ensure that the measurements are perpendicular
to the LV long axis,”> short-axis views are more useful in children,
as the LV short axis is not always circular. This is seen particularly in
heart diseases with abnormal loading conditions for the right ventricle,

such as atrial septal defects, pulmonary regurgitation, and pulmonary
hypertension.

When available, short-axis measurements should be obtained at
the level of the MV leaflet tips in young patients and at the papillary
muscles in older patients. The LV short-axis diameter is frequently
used as a surrogate for LV size, but linear measurements in one dimen-
sion may misrepresent an abnormally shaped chamber; in fact, the in-
ternal diameter is only representative of LV size when the LV short-
axis geometry is circular (Figure 28A). Wall thickness should be
measured at end-diastole and end-systole, making sure not to include
RV trabeculations and muscle bundles in the septal thickness mea-
surement. This is especially true for patients with LV hypertrophy,
often with variable and asymmetric thickening of LV wall segments
(Figures 28B). Relative wall thickness, calculated as the sum of end-
diastolic septal and posterior wall thickness divided by the end-
diastolic dimension, can be used to assess for LV hypertrophy.
Careful attention to measurement location on prior studies can
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Figure 18 Electromechanical dyssynchrony: the three classic pattern dyssynchrony (CPD) criteria are labeled numerically in both
panels: (1) early stretch in at least one segment with delayed activation, (2) early contraction termination in a septal wall segment
with peak contraction occurring in the first 70% of the systolic ejection phase, and (3) early stretch of segments that must actively con-
tract with late postsystolic peak strain. In the left panel, strain analysis begins at the QRS onset with a simplified pair of representative
septal (blue) and lateral wall (brown) curves. The right panel reveals CPD pattern in an infant with dilated cardiomyopathy and left
bundle branch block on electrocardiography. Reproduced with permission from Forsha et al.*> AVC, AoV closure; AVO, AoV opening.

ensure accurate serial measurements for comparison. LV diameters
and wall thickness can be measured by 2DE or M-mode. Although
the 2010 quantification guidelines recommended only 2DE for these
measurements,” many centers use M-mode routinely in clinical prac-

B-@/E/RE/A
140BPM

Figure 19 Pulmonary vein Doppler flow patterns: (A) normal
Doppler flow pattern obtained from an apical view showing an-
tegrade flow during ventricular systole (S) and diastole (D) and
intermittent flow reversal during atrial contraction (AR) with
low-velocity and phasic flow that returns to baseline and (B)
abnormal Doppler flow pattern obtained from a parasternal
view showing nonphasic flow with relatively high velocity and
no return to baseline suggestive of pulmonarg/ vein stenosis. Re-
produced with permission from Lopez et al.

tice, partly because of familiarity after decades of use. In addition, it
provides greater temporal resolution than 2DE in patients with faster
heart rates, allowing better characterization of wall motion to assess
function, electromechanical dyssynchrony, and interventricular inter-
actions.”” Careful use of the QRS onset on the electrocardiogram
(rather than the point of maximal diameter) to time end-diastolic
M-mode measurements may increase reproducibility and decrease
variability. Proponents of 2DE for these measurements point to the
following facts to justify their approach: (1) current ultrasound sys-
tems exhibit excellent spatial resolution, (2) 2DE can guarantee that
the measurements are performed along the true minor axis of the
left ventricle, and (3) M-mode cannot account for the frequent lateral
motion of the heart during the respiratory cycle seen in children.”® Itis
important to note that the PHN Z scores for these measurements
were obtained by 2DE and not M-mode, so the PHN model should
not be used for M-mode measurements.

LV volumes can be calculated using various methodologies as
described in the 2010 quantification guidelines.” The modified
Simpson biplane method (method of disks) uses the summation of
disks approach by calculating LV volumes from LV long-axis areas ob-
tained in apical four-chamber and two-chamber views (Figures 8A
and C, and 29). The bullet (5/6 area-length) method uses measure-
ments of short-axis areas and long-axis lengths to estimate LV volumes
(Figure 30). LV mass can be estimated by subtracting endocardial vol-
ume from epicardial volume and multiplying the difference by the
density of LV muscle. Abnormal LV mass Z scores =2 represent LV
hypertrophy, which can then be divided into eccentric vs concentric
hypertrophy: the former represents normal mass-to-volume ratio (Z
score < 2) as seen in the setting of LV volume overload lesions like
a ventricular septal defect, and the latter represents elevated mass-
to-volume ratio (Z score = 2) as seen in the setting of LV pressure
overload lesions like aortic stenosis or systemic hypertension.

Two-Dimensional Echocardiographic and M-Mode Mea-
sures of LV Function. All 2DE and M-mode methods to measure
LV systolic function are subject to errors in accuracy and reproduc-
ibility. Qualitative visual inspection is often the first method used,
but it relies on operator skill and interpreter experience and is prone
to significant interobserver and interstudy variability.”” Standard
quantitative methods include SF from linear measurements and EF
from LV volumetric measurements. SF is easily and effectively
measured in parasternal short-axis views using 2DE or M-mode, but
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Figure 20 Parasternal long-axis view: dilated coronary sinus
(asterisk) coursing along the posterior left atrioventricular groove
suggestive of a persistent left SVC. Ao, Aorta; LA, left atrium; LV,
left ventricle; RV, right ventricle.

it (1) does not account for longitudinal shortening, (2) should not be
measured in the setting of regional wall motion abnormalities (such as
paradoxical septal motion), and (3) should not be used when the left
ventricle has an abnormal shape or noncircular geometry in the short-
axis views (as seen with RV pressure or volume overload). Despite
their popularity, there are challenges with these functional indices.”®
Among the 3215 normal children in the PHN Echo Z-Score Project,
17% were found to have an abnormally low SF (<25%) and/or EF
(<50%) after the calculations were made from blinded measure-
ments, despite the fact that all subjects were thought to have qualita-
tively normal LV systolic function at both the local institution and at
the PHN core laboratory. The authors speculated that this significant
variability in LV functional indices is likely minimized in daily clinical
practice by manipulation of the measurements to match the subjec-
tive qualitative assessment. Advances in artificial intelligence have al-
lowed automated measurements of LV size from multiple views,
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possibly mitigating the challenges associated with the known vari-
ability of these functional indices.

Other Measures of LV Size and Systolic Function. The use of
3DE to measure LV volumes and EF in children has gained popularity
because of its lack of dependence on geometric assumptions, improve-
ments in 3DE transducer technology, and semiautomated analysis soft-
ware now available on many platforms. Several pediatric studies have
shown that 3DE measurements of LV volumes and EF have better
reproducibility and correlate better with cardiac MRI measurements
than M-mode and 2DE measurements.”>”” The ASE guidelines docu-
ment on 3DE in CHD summarizes the various modes of image acqui-
sition and semiautomated endocardial tracking that are used to
measure LV volumes and EF® There are, however, limitations associ-
ated with 3DE, and these include lower temporal resolution, challenges
with imaging the entire LV using a single transducer position, and lack
of validation of 3DE assessment of LV mass and dyssynchrony.

TDI measurement of velocity at the lateral and septal aspects of the
MV annulus (s') is a measure of LV systolic function that is independent
of geometry, although it has variable utility in pediatrics. As for the right
ventricle, MPI is a geometrically independent measure of combined LV
systolic and diastolic function. As with the right ventricle, LV global
dysfunction results in prolongation of the isovolumic times, resulting
in increased LV MPI. However, significant measurement variability of
isovolumic times and the inability to determine which component is
abnormal have precluded the routine use of this parameter at many pe-
diatric centers. LV GLS provides early detection of myocardial dysfunc-
tion before abnormal changes in SF or EF>° It can be measured in
apical four-, three-, and two-chamber views with good reproducibility
when using a single ultrasound platform, using the average value to
assess LV function (Figure 17).>>*%*3 Because circumferential deforma-
tion appears to compensate for decreased longitudinal function in pa-
tients with LV pressure overload, global circumferential strain may have
additive value in these patients.'°® Evaluation of LV peak segmental
strain is recommended in some guidelines for adult patients, but its
reproducibility is poor in children. However, regional pattern analysis
to identify electromechanical dyssynchrony and discoordination may
be helpful in children with pacemakers or in candidates for cardiac re-
synchronization therapy. This can be done by looking for patterns of
abnormal LV contraction timing in LV longitudinal strain curves.*>*°

Figure 21 Left atrial (LA) volumes calculated from LA length and area measurements at ventricular end-systole: (A) LA major-axis
length from the apical four-chamber view, (B) LA area from the apical four-chamber view, and (C) LA area from the apical two-
chamber view. Reproduced with permission from Lopez et al.? LV, Left ventricle; RA, right atrium; RV, right ventricle.
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Table 14 Morphologic abnormalities of the AV valves

Valvar disease

Anomalous cleft

Double orifice

Leaflet perforation or fenestration
Diminutive or absent leaflet

Displaced leaflet

Myxomatous changes

Intravalvar or supravalvar ring or membrane
Associated thrombus or vegetation

Subvalvar disease

e Single papillary muscle group (parachute deformity)

e Closely-spaced papillary muscle groups (parachute variant)
e Muscularized (absent) chordae (arcade)

e Shortened chordae (tethered leaflet)

e Elongated chordae (prolapse)

e Secondary disruption of chordae (flail leaflet)

Measures of LV Diastolic Function. In contrast to adult TTE
studies, diastolic functional assessment is not routine during pediatric
TTE.'°" High heart rates and poor cooperation in children have resulted
in significant measurement variability with few published normal refer-
ence values. Nevertheless, diastolic dysfunction occurs in children with
various CHDs (such as LV outflow tract obstruction, endocardial fibroe-
lastosis, and single ventricles) and with cardiomyopathy or myocarditis.
The most common measurements include MV inflow E and A wave ve-
locities from apical four-chamber views and the E/A ratio, although
these parameters are frequently not helpful in isolation. TDI measure-
ment of peak early diastolic velocity (¢') at the lateral and septal MV
annulus and the E/€’ ratio have been used, but E/€’ has not reliably
correlated with LV filling pressures in children. With normal diastolic
function, PW Doppler interrogation of the pulmonary veins in apical
and parasternal views should reveal the characteristic phasic flow pat-
terns with antegrade flow in systole (S wave) and early diastole (D
wave) and reversal during atrial contraction (A wave). Prominent A-
wave reversal has predicted significant diastolic dysfunction in adults,
but this has not been validated in children. Lastly, LA size and PA systolic
pressures also reflect LV filling pressures and diastolic function.

Future Directions. More accurate and reproducible indices of LV
systolic function are needed, especially given the challenges highlighted
by the PHN Echo Z-Score Project as it relates to SF and EE’® Advances
in transducer technology and image processing as well as newer and

-
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better artificial intelligence algorithms may provide solutions to these
problems by providing more accurate data and minimizing the effects
of human error. Newer modalities may provide early recognition of the
vulnerable LV before the development of abnormalities in SF or EF,
potentially allowing earlier treatment and improving outcomes.

Ventricular Septum. The ventricular septum is shared by both ven-
tricles and should be evaluated in all initial pediatric TTE studies. It
should have a rounded contour throughout the cardiac cycle when
viewed in a subcostal sagittal or parasternal short-axis view.
Abnormalities of ventricular septal shape and motion include (1) flat-
tening during diastole, systole, or the entire cardiac cycle, (2) systolic
bowing into the LV chamber, (3) paradoxical motion, (4) hypokinesis,
and (5) dyskinesis. Color mapping in subcostal, apical, and parasternal
sweeps should be performed to exclude a ventricular septal defect.
Because more than one defect can occur, the location and size of
each ventricular septal defect should be evaluated along with their
spatial relationship to surrounding structures, including the AV valves
and semilunar valves. Both PW and CW Doppler interrogation should
be performed in a view where the flow is coaxial to the ultrasound
beam and should evaluate the direction of flow and the degree of restric-
tion across a defect. Classification of ventricular septal defects has been
fraught with controversy, although a recent consensus document at-
tempts to harmonize the various nomenclature systems into one that
combines the important features of each approach.'®?

Key Points and Recommendations

e LV short-axis linear measurements by 2DE or M-mode
are limited when the LV cross-sectional shape is not cir-
cular or when there is abnormal regional wall motion.

e LV assessment should be performed in all TTE studies,
including 2DE and Doppler echocardiography to mea-
sure LV size, mechanics, and systolic and diastolic func-
tion.

e The evaluation may also include a combination of M-
mode, 3DE, and STE.

e Two-dimensional echocardiographic and 3DE volu-
metric measurements and STE are preferable to 2DE or
M-mode linear measurements in the setting of abnormal
LV shape or regional wall motion abnormalities.

Figure 22 Tricuspid valve (TV) and mitral valve (MV) annular diameter measurements in diastole at the frame after maximum leaflet
excursion: (A) TV and MV transverse diameters from the apical four-chamber view, (B) MV anteroposterior diameter from the para-
sternal long-axis view, and (C) TV anteroposterior diameter in the parasternal long-axis view with rightward and posteroinferior tilting.
Reproduced with permission from Lopez et al.? LV, Left ventricle; RA, right atrium; RV, right ventricle.
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Figure 23 Three-dimensional echocardiography: en face image
of the mitral valve from the left atrial aspect.

Ventricular Outflow Tracts and Semilunar Valves

RV Outflow Tract and PV. The RV outflow tract is a geometrically
complex muscular structure composed of the subpulmonary conus or
infundibulum, anterior RV free wall, crest of the ventricular septum,
papillary muscle of the conus, and PV.'”> Qutflow tract obstruction
can result from abnormal development of any component. Imaging
the RV outflow tract can be performed in subcostal views, modified api-
cal views with anterior tilting, and parasternal long-axis and short-axis
views with the RV outflow tract oriented along the axial direction. Its
relationship with the TV and ventricular septum is well seen in subcostal
sweeps, although a single-plane image clip with counterclockwise rota-
tion from the subcostal coronal view (right anterior oblique view) is
particularly useful when there is conal malalignment as seen in tetralogy
of Fallot (Figure 6B). Subcostal and parasternal views can usually
demonstrate the anterior aspect of the RV outflow tract, and subcostal
and modified apical views with anterior tilting provide the best angle
for Doppler interrogation." Color mapping in these views should eval-
uate for obstruction, ventricular septal defects that can be confused with
RV outflow tract obstruction, and coronary-cameral fistulae.”” When
possible, 3DE allows good visualization of a complex RV outflow tract.®
Measurement of the RV outflow tract diameter may be performed from
inner edge to inner edge at end-diastole. The proximal RV outflow tract
diameter from the anterior free wall to the aortic root is best measured
along the axial direction in parasternal short-axis views,”> whereas the
distal RV outflow tract diameter is best measured just proximal to the
PV in parasternal long-axis views.?

The PV is evaluated in similar views as the RV outflow tract, although
valvar morphology is best assessed in parasternal views. The PV annular
diameter should be measured from inner edge to inner edge during
maximal valve opening in early to mid-systole in parasternal long-axis
views (Figure 31A).>?° En face imaging of the PV is sometimes possible
with a high left parasternal view, but this is dependent largely on cardiac
position and thoracic configuration. Color mapping should be per-
formed in multiple views to evaluate for obstruction and regurgitation.
PW Doppler interrogation should be performed below, at, and above
the valve to detect dynamic or multiple levels of obstruction, recog-
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nizing that the dominant resistor in a series of obstructions will confound
the degree of obstruction measured at other levels.” CW Doppler inter-
rogation should measure peak velocities of stenotic and regurgitant jets,
making sure to identify on the report the view(s) from which the veloc-
ities were measured. Doppler evaluation along the RV outflow tract and
PV may be confounded by (1) the presence of a large shunt equalizing
pulmonary and systemic systolic pressures, (2) the normally elevated PA
pressures in the neonatal period, (3) severe tricuspid regurgitation, or (4)
low cardiac output secondary to severe RV dysfunction. Assessment of
the degree of PV stenosis in these settings should be based more on
annular size and leaflet morphology.”

LV Outflow Tract and AoV. The LV outflow tract represents the
area below the AoV whose boundaries include the ventricular septum
and anterior MV leaflet. The absence of a muscular subaortic conus in
the normal heart results in fibrous continuity between the AoV and
MYV, distinguishing the LV outflow tract from the RV outflow tract
with its circumferential muscular sleeve below the PV. The LV outflow
tract is typically considered to be circular in shape even though it is often
more elliptical,” and it is best measured in mid-systole in parasternal
long-axis views along the axial direction approximately 3 to 10 mm
below the AoV annulus.”’ Modified parasternal long-axis views may
be necessary in patients with a sigmoid septum or variations in AoV
alignment with the left ventricle. The AoV annulus is defined by 2DE
as the virtual ring connecting the basal extension of each AoV leaflet,
although each leaflet is attached within the aortic rootin a 3D semilunar
fashion from the ventriculoarterial junction up to the sinotubular junc-
tion. Consequently, the AoV annulus is more of a virtual diagnostic
construct rather than a true anatomic entity (Figure 31B).>°
Nevertheless, it is measured along the axial direction in the same para-
sternal long-axis view as the LV outflow tract, from inner edge to inner
edge at the leaflet hinge points during maximal valve opening in early
to mid-systole. AoV morphology is best evaluated in parasternal
short-axis views where all three leaflets can be seen simultaneously
(Figure 32). Minor tilting of the transducer with short sweeps through
the full depth of the valve may be necessary to assess for leaflet asymme-
try or partial or complete commissural fusion (as in a bicuspid AoV).
Three-dimensional echocardiography can be used to evaluate AoV
morphology and for en face measurement of the annulus, especially
when the 2DE source images are good. Image compounding or frame
reordering, although not yet standard, may provide better leaflet visual-
ization in smaller children and in patients with higher heart rates.>*

Doppler interrogation of the LV outflow tract and AoV should be per-
formed in subcostal coronal, apical three-chamber, right parasternal,
and suprasternal long-axis views, optimizing alignment with the direc-
tion of flow. Color mapping should evaluate for dynamic midcavity
obstruction as well as subvalvar, valvar, and supravalvar aortic stenosis,
using a high color velocity range that displays aliasing only when there is
significantly increased flow velocity. PW Doppler interrogation should
be performed at all these areas before CW Doppler interrogation to
measure the maximum instantaneous pressure gradient along the entire
outflow tract.>” PW Doppler interrogation below the AoV should posi-
tion the sample volume in the same area where the LV outflow tract
diameter was measured. If MV regurgitation is present, the LV outflow
tract gradient may be estimated from the difference between the
maximum instantaneous retrograde gradient across the MV plus an
assumed LA pressure and a systolic blood pressure measured simulta-
neously from an upper extremity. However, the accuracy of this
approach may be limited by the inherent increase in measurement error
with the higher velocities of MV regurgitant jets.
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Table 15 Evaluation of RV size, function, and hemodynamics
Measurement Modality/view Timing/calculation Utility Strengths Weaknesses
Guidelines (should be performed)
Subjective 2DE: subcostal, Throughout RV size and e Quick and simple e Depends on good blood-
assessment apical, and cardiac cycle function e Provides context for other endocardium border
parasternal views measurements e Poor reproducibility
e Regional functional
abnormalities can limit
accuracy
e Correlates poorly with MRI-
derived EF
TR jet peak CW: apical or Systole RV systolic e Noninvasive method to e Depends on alignment
velocity parasternal views pressure estimate PA systolic e Incomplete spectral
estimation pressures envelope can limit accuracy
e Assumed or estimated RA
pressure
EDA 2DE: apical four- Maximum area RV size e Used for FAC calculation e Depends on good blood-
chamber view at end- endocardium border
diastole o Difficult to visualize RV
lateral wall
e Depends on distinct apical
endocardium
e Foreshortening can limit
accuracy
e Depends on loading
conditions
ESA 2DE: apical four- Minimum area at RV size e Used for FAC calculation e Depends on good blood-
chamber view end-systole endocardium border
o Difficult to visualize RV
lateral wall
e Depends on distinct apical
endocardium
e Foreshortening can limit
accuracy
FAC 2DE: apical four- (EDA — ESA)/ RV systolic e Normal data available e Same as above
chamber view EDA x 100% function e Correlates modestly with
MRI-derived EF
e Accounts for longitudinal
and radial RV shortening
TAPSE M-mode: apical Systole RV systolic e Correlates modestly with e Normal values not adjusted
four-chamber function MRI-derived EF for body size
view e Quick and simple e Not validated in children
e Good temporal resolution with CHD
e Depends on loading
conditions
Peak TV inflow PW: apical four- Early diastole RV diastolic e Quick and simple e Respiratory variation
velocity in early chamber view function e No geometric assumptions necessitates averaging over
diastole (E) five cardiac cycles
e Fast heart rates can limit
accuracy
Peak TV inflow PW: apical four- Atrial contraction RV diastolic e Same as above e Same as above
velocity at chamber view function
atrial
contraction (A)
Recommendations (may be performed)
End-diastolic 2DE: apical four- Maximum RV size e Normal data available e Depends on good blood-
basal diameter chamber view dimension at endocardium border
end-diastole o Difficult to visualize RV

lateral wall
Correlates poorly with MRI-
derived RV volume

(Continued)
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Measurement

Modality/view

Timing/calculation Utility

Strengths

Weaknesses

End-diastolic
midcavity
diameter

End-diastolic
apical-cavity
diameter

End-diastolic
length

EDV by 3DE

ESV by 3DE

RVEF by 3DE

Peak TV annular
velocity in
systole (s')

Peak TV annular
velocity in early
diastole (¢')

2DE: apical four-
chamber view

2DE: apical four-
chamber view

2DE: apical four-
chamber view

3DE: apical or
subcostal views

3DE: apical or
subcostal views

3DE: apical or
subcostal views

Tissue Doppler:
apical four-
chamber view

Tissue Doppler:
apical four-
chamber view

Maximum RV size
dimension at

end-diastole

Maximum RV size
dimension at

end-diastole

Maximum RV size
dimension at

end-diastole

Maximum RV size
volume at

end-diastole

Minimum RV size
volume at
end-systole

(EDV — ESV)/
EDV x 100%

RV systolic
function

Systole RV systolic

function

Early diastole
function

RV diastolic

e Normal data available

o Related to apical remodeling
in pulmonary hypertension,
hypoplastic left heart
syndrome, and other CHD

e Normal data available

e Normal data available

e Normal data available

e Normal data available

e Good temporal resolution
e Normal data available

e Same as above

Same as above

Depends on distinct apical
endocardium
Paucity of normal data

Depends on good blood-
endocardium border
Depends on distinct apical
endocardium
Foreshortening can limit
accuracy

Correlates poorly with MRI-
derived RV volume

3DE volume calculation
software needed

e Lower temporal resolution
e Depends on good blood-

endocardium border
Difficult to visualize RV
lateral wall

Depends on distinct apical
endocardium
Foreshortening can limit
accuracy

Usually underestimates
MRI-derived RV volume
(agreement is worse with
dilated ventricles)

Same as above

Lower temporal resolution
for single-beat acquisition
Depends on good blood-
endocardium border
Difficult to visualize RV
lateral wall

Depends on distinct apical
endocardium
Foreshortening can limit
accuracy

Depends on loading
conditions

Variable agreement with
MRI-derived EF depending
on CHD

e Depends on alignment
e Depends on loading

conditions

Not useful when regional
functional abnormalities are
present

Same as above

(Continued)
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Table 15 (Continued)
Measurement Modality/view Timing/calculation Utility Strengths Weaknesses

Peak TV annular  Tissue Doppler: Atrial contraction RV diastolic e Same as above e Same as above
velocity at apical four- function
atrial chamber view
contraction (a’)

RV free wall STE: apical four- Systole RV systolic e Useful in pulmonary e STE software needed
longitudinal chamber view function hypertension, repaired e Requires good 2DE images
strain tetralogy of Fallot, and o Intervendor variability

systemic RV o Limited pediatric experience
e No geometric assumptions

RV GLS STE: apical four- Systole RV systolic e Useful in pulmonary e STE software needed
(including chamber view function hypertension, repaired e Requires good 2DE images
septum) tetralogy of Fallot, and e Intervendor variability

systemic RV e Limited pediatric experience
e No geometric assumptions e Ventricular septum included
e Includes contribution of in both LV and RV evaluation
ventricular septum
MPI PW, CW, or tissue (IVCT + IVRT)/ET Combined RV e Normal data available e Not valid for normal RV
Doppler: apical systolic and e Useful in pulmonary e Needs two separate images
and parasternal diastolic hypertension for PW/CW assessment
views at RV inflow function e Needs similar heart rate in
and outflow both images
e No information regarding
individual contributions of
systolic or diastolic
dysfunction

Systolic-to- CW of tricuspid Duration of RV global e Quick and simple e Depends on presence of
diastolic regurgitation jet: tricuspid function and e Normal data available tricuspid regurgitation
duration ratio apical or regurgitation RV-LV e Useful in pulmonary o Affected by heart rate
(S/D ratio) parasternal views divided by interactions hypertension

duration of
rest of cardiac
cycle

RV/LV diameter  2DE: parasternal Systole RV loading e Quick and simple e No validation in children
ratio view conditionsand e Normal data available

RV-LV
interactions
IVA Tissue Doppler: TV peak RV systolic e Depends on alignment
apical four- isovolumic function e High measurement
chamber view annular variability
velocity
divided by
time to peak
velocity
IVCT Tissue Doppler: Time from end of RV diastolic e Depends on alignment
apical four- a’ wave to function e High measurement
chamber view beginning of s’ variability
wave e Normally very short or
absent when pulmonary
vascular impedance is low
IVRT Tissue Doppler: Time from end of RV diastolic e Same as above
apical four- s’ wave to function
chamber view beginning of &’

EDA, end-diastolic area; EDV, end-diastolic volume; ESA, end-systolic area; ESV, end-systolic volume; ET, ejection time; /VA, isovolumic accel-
eration; IVCT, isovolumic contraction time; /VRT, isovolumic relaxation time; STE, speckle-tracking echocardiography; TR, tricuspid regurgitation.
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Figure 24 Right ventricular (RV) measurements from the RV-focused apical four-chamber view at end-diastole: (A) RV basal, mid-
cavity, and apical diameters; (B) RV length; and (C) RV area (RV ventricular FAC is calculated as [RV diastolic area—RV systolic
area]/diastolic area). Reproduced with permission from Lopez et al.? LA, Left atrium; LV, left ventricle; RA, right atrium.

Figure 25 Color M-mode in the right ventricular-focused apical
four-chamber view: Tricuspid annular plane systolic excursion
(TAPSE) at the lateral tricuspid valve annulus.

When there is AoV stenosis or regurgitation, it is important to opti-
mize transducer alignment since the stenotic or regurgitant jet may be
eccentric. The nonimaging CW Doppler transducer is an important
component of adult TTE protocols, although its use in children may
be limited by excessive noise during evaluation of high velocities.
Quantification of the severity of AoV regurgitation in adults
frequently involves the pressure half-time or slope of the spectral
Doppler tracing, but their use has not been validated in children.”
Evaluation of severity in pediatrics usually involves qualitative assess-
ment of the regurgitant jet and indirect indices such as diastolic flow
reversal in the aorta and LV dilation.

Doppler evaluation of AoV stenosis should include both maximum
instantaneous and mean gradients from multiple views. Gradients
measured in apical views tend to be lower than those in right parasternal
views,'%! highlighting the importance of documenting the view from
which the maximum gradient was measured in the report.

Quantification of AoV stenosis severity can be complicated in children
because (1) Doppler-derived maximum instantaneous gradients are
fundamentally different from catheterization-derived peak-to-peak gra-
dients, the latter having provided data for the natural history studies'®°;
(2) different physiologic states lead to variable AoV gradients in the
same patient; (3) pressure recovery contributes to differences in gradi-
ents measured by TTE and by catheterization, and its effects are greater
in small children than adults and with mild compared with severe steno-
sis'?°: (4) LV dysfunction with an associated decrease in cardiac output
can result in lower gradients despite significant stenosis; and (5) the
measured pressure gradients in neonates may not be as high as in older
children and adults when there is significant stenosis. In the last two sce-
narios, AoV stenosis severity may be better evaluated by careful exam-
ination of AoV morphology and calculation of AoV annular diameter Z
score than by the measured gradient across the valve.” Although pres-
sure recovery can be calculated from TTE data, the paucity of validation
studies in children has precluded its routine use. AoV area can also be
calculated from the continuity equation and from planimetry using en
face 2DE and 3DE images, but significant measurement variability
due to minor variations in imaging plane, limited temporal resolution,
and random measurement error has precluded routine use of this
parameter to evaluate AoV stenosis in children.

Key Points and Recommendations

e The RV outflow tract should be evaluated in subcostal,
apical, and parasternal views, noting the view used
when measuring gradients.

e The LV outflow tract should be evaluated in apical, right
parasternal, and suprasternal views, noting the view
used when measuring gradients.

e The AoV “annulus” is more of a virtual diagnostic
construct than a true anatomic entity because of the
semilunar attachments of the AoV leaflets.

e The LV outflow tract and PV and AoV annular diameters
should be measured in parasternal long-axis views.

e AoV morphology is best evaluated with en face 2DE and
3DE images in parasternal short-axis views.
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Figure 26 Three-dimensional echocardiography: measurements of right ventricular volumes and calculation of right ventricular ejec-

tion fraction.

Great Arteries and Their Proximal Branches

PAs. The main PA courses anteriorly and superiorly from the right
ventricle to the left of and anterior to the aorta before bifurcating
into branch PAs. PA anatomy, size, and flow should be evaluated in
pediatric TTE. PA stenosis or hypoplasia is often seen with tetralogy

|-||||$‘||||||||

of Fallot as well as genetic conditions like Williams or Alagille syn-
drome. Conversely, PA dilation is seen with isolated PV stenosis or
“absent” PV, possibly because abnormal eccentric flow across the
PV can lead to vessel wall weakness, as demonstrated by MRI studies
in patients with a bicuspid PV.'%” PA dilation also results from signif-
icant left-to-right shunts with increased pulmonary blood flow (atrial

Figure 27 Two-dimensional strain echocardiography: right ventricular (RV) global longitudinal strain (GLS) obtained from the RV-
focused apical four-chamber view (although RV GLS is usually reported as the average of basal, mid, and apical lateral wall segments,
including three septal segments as well may be useful as the septum contributes to RV ejection).
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Table 16 Evaluation of LV size and function

Measurement Modality/view Timing/calculation Utility Strengths Weaknesses
Guidelines (should be performed)
Subjective 2DE: subcostal, Throughout cardiac LV size and function e Quick and simple e Depends on good blood-
assessment apical, and cycle e Provides context for other endocardium border
parasternal views measurements e Regional functional
abnormalities can limit
accuracy
EDD 2DE or M-mode: Maximum diameter LV size e Quick and simple e Depends on good blood-
parasternal short-  at end-diastole e Used for SF calculation endocardium border
axis e 2DE: adjustable alignment e Inappropriate for abnormal
to measure largest diameter LV shape or regional
that bisects both septum functional abnormalities
and posterior wall e M-mode: cannot correct for
o M-mode: better temporal lateral cardiac motion during
resolution respiratory cycle
e Normal data available
ESD 2DE or M-mode: Minimum diameter LV size e Same as above e Same as above
parasternal short-  at end-systole
axis
EDST 2DE or M-mode: Maximum diameter LV size e Quick and simple e Same as above
parasternal short-  at end-diastole e Used for RWT calculation
axis e 2DE: adjustable alignment
to measure along the axis of
the largest diameter that
bisects both septum and
posterior wall
e M-mode: better temporal
resolution
e Normal data available
EDPWT 2DE or M-mode: Maximum diameter LV size e Same as above e Same as above
parasternal short-  at end-diastole
axis
SF 2DE or M-mode: (EDD — ESD)/EDD x LV systolic function e Quick and simple e Depends on good blood-
parasternal short-  100% e Normal data available endocardium border
axis e Correlates well with MRI- e Measures only radial
derived EF function and does not
account for longitudinal
function
e Inappropriate for abnormal
LV shape or regional
functional abnormalities
e Depends on loading
conditions
EDA 2DE: parasternal Maximum area at LV size e Used for LV volume and e Depends on good blood-
short-axis or end-diastole mass calculation endocardium border
subcostal sagittal e Appropriate for abnormal LV
(short-axis) view shape
EDA.i 2DE: parasternal Maximum area at LV size e Used for LV volume and e Depends on good display of
short-axis or end-diastole mass calculation epicardium
subcostal sagittal e Appropriate for abnormal LV e Sector image must include
(short-axis) view shape entire LV myocardium
ESA 2DE: parasternal Minimum area at LV size e Used for LV volume e Depends on good blood-
short-axis or end-systole calculation endocardium border
subcostal sagittal e Appropriate for abnormal LV
(short-axis) view shape
EDL 2DE: apical four- Just after MV LV size e Used for LV volume and e Depends on good blood-

chamber or
subcostal coronal
(long-axis) view

closure at end-
diastole

mass calculation
Appropriate for abnormal LV
shape .

endocardium border,
especially at apex
Foreshortening can limit
accuracy

(Continued)
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Table 16 (Continued)
Measurement Modality/view Timing/calculation Utility Strengths Weaknesses
EDLepi 2DE: apical four- Just after MV LV size e Used for LV volume and e Depends on good display of
chamber or closure at end- mass calculation apical epicardium
subcostal coronal  diastole e Appropriate for abnormal LV e Foreshortening can limit
(long-axis) view shape accuracy
ESL 2DE: apical four- Just before MV LV size e Used for LV volume e Depends on good blood-
chamber or opening at end- calculation endocardium border,
subcostal coronal  systole o Appropriate for abnormal LV especially at apex
(long-axis) view shape e Foreshortening can limit
accuracy
EDA ax 2DE: apical four- Just after MV LV size e Same as above e Same as above
chamber and closure at end-
two-chamber diastole
views
ESA .« 2DE: apical four- Just before MV LV size e Same as above e Same as above
chamber and opening at end-
two-chamber systole
views
EDV Area-length method 5/6 x EDA x EDL LV size e Used for EF and LV mass e Same as above
calculation
e Appropriate for abnormal LV
shape
e Normal data available
EDVepi Area-length method 5/6 x EDAp,; x LV size e Used for LV mass e Depends on good display of
EDLep;i calculation epicardium
e Appropriate for abnormal LV e Foreshortening can limit
shape accuracy
o Normal data available e Sector images must include
entire LV myocardium
ESV Area-length method 5/6 x ESA x ESL LV size e Used for EF calculation e Depends on good blood-
e Appropriate for abnormal LV~ endocardium border,
shape especially at apex
o Normal data available e Foreshortening can limit
accuracy
LVM Area-length method (EDVep,; — EDV) x LV size e Appropriate for abnormal LV e Same as above
1.05 shape
e Normal data available
LV mass-to- Area-length method LVM/EDV LV size e Used to distinguish e Same as above
volume ratio concentric vs eccentric
hypertrophy
LVM M-mode {0.8 x [1.04 x LV size e Quick and simple e No normal pediatric data
(EDD + EDST + available
EDPWT)® —
EDD?]} + 0.6
LVMI M-mode LVM/BSA or LVM/ LV size e Quick and simple e No consensus on which
height2'7 e Used to determine approach is preferred in
hypertrophy children
EDV Method of disks Summation of disks LV size e Used for EF calculation e Depends on good blood-
using EDA,« and e Appropriate for abnormal LV~ endocardium border,
EDL shape especially at apex
¢ Normal data available e Foreshortening can limit
accuracy
ESV Method of disks Summation of disks LV size e Same as above e Same as above

using ESA .« and
ESL

(Continued)
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Table 16 (Continued)

Measurement Modality/view Timing/calculation Utility Strengths Weaknesses
EDV 3DE: apical view Just after MV LV size e Single-beat global e 3DE volume calculation
closure at end- assessment software needed
diastole o No geometric assumptions e Lower temporal resolution
e Correlates well with MRI- for single-beat acquisition
derived LV volume e Depends on good blood-
e Normal data available endocardium border,

especially at apex
e Foreshortening can limit

accuracy
ESV 3DE: apical view Just before MV LV size e Same as above e Same as above
opening at end-
systole
LVEF Area-length (EDV — ESV)/EDV x LV systolic function e Appropriate for abnormal LV e Depends on good blood-
method, method 100% shape endocardium border,
of disks, or 3DE e Normal data available especially at apex
method e Foreshortening can limit
accuracy
e Depends on loading
conditions
Peak MV inflow PW: apical four- Early diastole LV diastolic function e Quick and simple e Respiratory variation
velocity inearly  chamber view o Normal data available necessitates averaging over
diastole (E) e No geometric assumptions three cardiac cycles
e Fast heart rates can limit
accuracy
Peak MV inflow PW: apical four- Atrial contraction LV diastolic function e Same as above e Same as above
velocity at chamber view
atrial
contraction (A)
Mitral inflow E/A  PW: apical four- Diastole LV diastolic function e Same as above e Same as above
ratio chamber view
Peak MV annular Tissue Doppler: Systole LV systolic function e Good temporal resolution e Depends on alignment
velocity in apical four- e Normal data available e Depends on loading
systole (s') chamber view conditions
e Not useful when regional
functional abnormalities are
present
Peak MV annular Tissue Doppler: Early diastole LV diastolic function e Same as above e Same as above
velocity inearly  apical four-
diastole (¢') chamber view
Peak MV annular Tissue Doppler: Atrial contraction LV diastolic function e Same as above e Same as above
velocity at apical four-
atrial chamber view
contraction (a’)
MV early diastolic PW and tissue Early diastole LV diastolic function e Normal data available e Same as above
E/e’ ratio Doppler: apical
four-chamber
view
Recommendations (may be performed)
Pulmonary vein S PW: apical or Systole LV systolic function e Quick and simple e Depends on alignment
velocity parasternal short-
axis views
Pulmonary vein D PW: apical or Diastole LV diastolic e Quick and simple e Depends on alignment
velocity parasternal short- function, LA
axis views function, MV
function
Pulmonary vein  PW: apical or Diastole LV diastolic e Quick and simple e Depends on alignment
A-wave parasternal short- function, LA
reversal axis views function, MV
velocity function

(Continued)
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Table 16 (Continued)
Measurement Modality/view Timing/calculation Utility Strengths Weaknesses
Pulmonary vein ~ PW: apical or Diastole LV diastolic e Quick and simple e Depends on alignment
A-wave parasternal short- function, LA
reversal axis views function, MV
duration function
Peak LV4 STE: apical four- Systole LV systolic function e No geometric assumptions e STE software needed
chamber view e Single measurement (no e Requires good 2DE images
calculations needed) e Intervendor variability
e Minor angular dependence
Peak LV3 STE: apical three-  Systole LV systolic function e Same as above e Same as above
chamber view
Peak LV2 STE: apical two- Systole LV systolic function e Same as above e Same as above
chamber view
Average GLS STE: apical views  Systole: average LV systolic function e Same as above e Same as above
GLS from LV4,
LV3, and LV2
RWT 2DE or M-mode: (EDST + EDPWT)/ LV size e Quick and simple e Depends on good blood-
parasternal short- EDD e 2DE: adjustable alignment endocardium border
axis to measure along the axis of ¢ M-mode: cannot correct for
the largest diameter that lateral cardiac motion during
bisects both septum and respiratory cycle
posterior wall
o M-mode: better temporal
resolution
MPI PW, CW, or tissue (IVCT + IVRT)/ET Combined LV e Normal data available e Needs similar heart rate in
Doppler: apical systolic and both images
diastolic function ¢ No information regarding
individual contributions of
systolic or diastolic
dysfunction
IVA Tissue Doppler: MV peak isovolumic LV systolic function e Depends on alignment
apical four- annular velocity e High measurement
chamber view divided by time to variability
peak velocity
IVCT Tissue Doppler: Time from end of &' LV systolic function e Same as above
apical four- wave to beginning
chamber view of s’ wave
IVRT Tissue Doppler: Time from end of s’ LV diastolic function e Same as above

apical four-
chamber view

wave to beginning
of ¢ wave

BSA, body surface area; EDA, end-diastolic short-axis area; EDA;, end-diastolic short-axis epicardial area; EDA,,, end-diastolic long-axis area;
EDD, end-diastolic diameter; EDL, end-diastolic length; EDL.,,;, end-diastolic epicardial length; EDPWT, end-diastolic posterior wall thickness;
EDST, end-diastolic septal thickness; EDV, end-diastolic volume; EDV,,,;, end-diastolic epicardial volume; ESA, end-systolic short-axis area;
ESAax, end-systolic long-axis area; ESD, end-systolic diameter; ESL, end-systolic length; ESV, end-systolic volume; IVA, isovolumic acceleration;
IVCT, isovolumic contraction time; /VRT, isovolumic relaxation time; LV2, LV GLS from the apical two-chamber view; LV3, LV GLS from the apical
three-chamber view; LV4, LV GLS from the apical four-chamber view; LVM, LV mass; LVMI, LV mass index; RWT, relative wall thickness; STE,

speckle-tracking echocardiography.

or ventricular septal defect or patent ductus arteriosus), PA hyperten-
sion from increased pulmonary vascular resistance, connective tissue
disorders (Marfan syndrome), or autoimmune conditions (Behget dis-
ease).'”®

The parasternal short-axis view is used to evaluate and measure the
diameters of the main and branch PAs from inner edge to inner edge
in mid-systole at their largest dimension (Figure 13). If the branch PAs
do not originate symmetrically from the main PA, careful sweeps are
important to exclude a left PA sling or branch PAs with superior-
inferior relationship. The suprasternal short-axis view can show the
right PA as it crosses behind the ascending aorta, and the high left

parasternal sagittal and suprasternal long-axis views are useful for
evaluation of the left PA. Color mapping can evaluate for stenosis
or for the presence of a patent ductus arteriosus with diastolic retro-
grade flow in the main PA (Figure 12). Doppler interrogation of the
main PA should be performed in parasternal short-axis views or modi-
fied apical views with anterior tilting. Doppler interrogation of the
branch PAs should be performed in parasternal, suprasternal, or
high left parasternal short-axis views. The mean PA pressure can be
estimated by adding the peak pulmonary regurgitation pressure
gradient during early diastole to an assumed RA pressure of 5 to
10 mm Hg. The PA diastolic pressure can be estimated by adding
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Figure 28 Parasternal short-axis view showing left ventricular (LV) minor-axis internal diameter (LVEDD), posterior wall thickness
(PWT), and septal wall thickness (ST; the internal diameter is a good surrogate of LV size only when the LV short-axis geometry is
circular) in (A) a normal heart and (B) hypertrophic cardiomyopathy. Reproduced with permission from Lopez et al.?

the minimum pulmonary regurgitation pressure gradient at end-
diastole to the same assumed RA pressure. It is important to
remember that a high-velocity ductal jet can confound Doppler inter-
rogation of the pulmonary regurgitant jet for estimating PA pressure.

CAs. The right and left CAs originate from the aortic sinuses of
Valsalva and course along the coronary sulci of the myocardium.
Imaging requires evaluation of the origin, size, and proximal course
of individual CAs. Because they are small, superficial structures,
CAs are best spatially resolved with high-frequency transducers.
Frame rates should be optimized by reducing depth and sector size,
and the zoom feature or increased magnification should be used
when appropriate. Harmonics and increased compression should
be used with caution because harmonics and too much gain may
exaggerate echogenicity of the CA walls, making them appear
abnormal, and excessive compression may filter out subtle abnormal-
ities such as a thrombus within the lumen of the vessel.'””

The parasternal short-axis view should be used to evaluate the left
main, left anterior descending, circumflex, and proximal right CAs
(Figure 10A). The parasternal long-axis view can show the anterior
right CA origin from the aortic root (Figure 10B) and the circumflex

4-Chamber View

V=mwaxZa xb xLN
i=1

CA in the left AV groove. A modified parasternal long-axis view
with rightward and posteroinferior tilting can show the posterior de-
scending CA in the posterior interventricular groove (Figure 10C). A
modified apical view with posterior tilting can show the distal right
CA in the posterior right AV groove (Figure 10D), and one with ante-
rior tilting can show the left main CA and its bifurcation into the left
anterior descending and circumflex CAs. CA diameters should be
measured at the point of maximum expansion. CA dilation occurs
in the setting of Kawasaki disease, multisystem inflammatory syn-
drome in children after COVID-19 infection, juvenile rheumatoid
arthritis, polyarteritis nodosa, ventricular hypertrophy, or a significant
CA fistula.””!'® Z scores help determine abnormal size, and serial mea-
surements help evaluate disease progression and direct treatment
strategies when needed. As previously discussed, the same Z score
model should be used when determining growth trends over time
in an individual patient and when assessing clinical outcomes and
risk in a particular patient population because of the known differ-
ences among currently available Z score models.'”

Color mapping of CA flow is crucial when abnormal origin must be
excluded in the setting of cardiomyopathy, syncope, chest pain, or some
CHDs,'"" using a low Nyquist limit to confirm appropriate antegrade

2-Chamber View

Figure 29 Modified Simpson biplane method (method of disks) approach to estimate left ventricular volumes from apical four-
chamber and two-chamber views. Reproduced with permission from Lopez et al.?
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Subxiphoid or apical 4-chamber view
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Subxiphoid or parasternal short-axis view

V =5/6 x CSA x Length

Figure 30 Bullet (5/6 area-length) method to estimate left ventricular (LV) volumes from measurements of LV long-axis length and
short-axis area. Reproduced with permission from Lopez et al.> CSA, Cross-sectional area; RV, right ventricle.

flow and differentiate CAs from coronary veins or artifact. Still images
alone do not provide adequate diagnostic information. In fact, both
2DE and color mapping in parasternal short-axis views are needed to
confirm normal origins of the right and left CAs. Doppler interrogation
of flow should be performed with a real-time electrocardiogram to
confirm timing of flow during the cardiac cycle. Flow reversal is sugges-
tive of anomalous origin from the PA or coronary ostial atresia.''?

Aorta. Serial aortic assessment is essential in the management of (1)
aortic dilation as seen in connective tissue disease (Marfan or Loeys-
Dietz syndrome), genetic disorders (Turner syndrome), and bicuspid
AoVs'P 16 (2) supravalvar aortic stenosis as seen in Williams
syndrome or other mutations of the ELN gene; or (3) aortic arch
anomalies in isolation or with other cardiac abnormalities. The
parasternal long-axis view should be used to visualize the proximal
aorta, including the aortic root (at the sinuses of Valsalva), sinotubular
junction, and ascending aorta (at the level of the right PA; Figure 33).
High left or right parasternal views may provide better visualization of
the proximal aorta. Aortic diameters in children should be measured
from inner edge to inner edge at their maximum dimension during
peak flow in mid-systole.” This guideline is distinct from those in adult
echocardiography that recommend measurement of aortic diameters

from leading edge to leading edge in diastole,>” particularly because
pediatric aortic Z scores are all based on systolic measurements. In
addition, the maximum effect of vascular size on vessel function oc-
curs during peak flow, such that peak systolic wall stress becomes
the primary determinant of dissection or rupture in patients with
aortic dilation. Aortic diameters should be measured consistently so
that they can be compared with prior studies and trends can be fol-
lowed over time.

The aortic arch should be evaluated in suprasternal views with hy-
perextension of the neck. Both 2D imaging and color mapping during
a superior sweep in the short-axis view can establish arch sidedness and
display the innominate artery as it bifurcates into the carotid and sub-
clavian arteries. Absence of this bifurcation raises the suspicion for an
aberrant subclavian artery and its associated clinical implications. The
suprasternal long-axis view should be used to visualize the transverse
aortic arch, arch branches, and proximal descending aorta, with diam-
eter measurements performed at the proximal and distal transverse
arch and the aortic isthmus (Figure 14B). Increased distance between
the left common carotid and left subclavian arteries, tapering or a pos-
terior muscular shelf at the isthmus, and flow turbulence with color
mapping should raise suspicion for aortic coarctation. Sweeps with co-
lor mapping in a high parasternal sagittal or suprasternal long-axis view

Figure 31 Aortic valve and pulmonary valve (PV) annular diameter measurements during maximal valve opening in early to mid-
systole: (A) PV annular diameter from the parasternal long-axis view with anterosuperior tilting and (B) Aortic valve annular diameter
from the parasternal long-axis view. Reproduced with permission from Lopez et al.? Ann, Annulus; Ao, aortic; LV, left ventricle; MPA,

main pulmonary artery; RPA, right PA; RV, right ventricle.
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Figure 32 Parasternal short-axis view: (A) trileaflet aortic valve and (B) bicuspid or bileaflet aortic valve with fusion of the intercoro-
nary commissure. LA, Left atrium; RA, right atrium; RV, right ventricle.

should be used to exclude a patent ductus arteriosus. If present, spectral
Doppler interrogation should evaluate the direction of ductal flow
throughout the cardiac cycle and the degree of restriction. It is espe-
cially important to determine arch sidedness if a patent ductus arterio-
sus is likely to require surgical intervention to establish the side where
the thoracotomy will be performed.

Doppler interrogation of flow in the ascending aorta should be per-
formed in an apical three-chamber, suprasternal long-axis, right para-
sternal sagittal, or subcostal coronal view, especially if subvalvar,
valvar, or supravalvar aortic stenosis is suspected. Stepwise PW and
CW Doppler interrogation should be performed along the aortic
arch and proximal descending aorta to characterize potential areas
of obstruction. PW Doppler interrogation of the abdominal aorta in
the subcostal sagittal view should be performed when possible, and
the spectral Doppler pattern should normally have a brisk upstroke
and return to baseline (Figure 3A). The abdominal aortic Doppler
pattern in the setting of significant aortic arch obstruction presents
with a dampened upstroke and/or diastolic delay in return to baseline

Figure 33 Parasternal long-axis view during maximal valve
opening in early to mid-systole: proximal aortic diameters at
the aortic root (Ao Root), sinotubular junction (STJ), and
ascending aorta (AAo). Reproduced with permission from Lopez
et al.? LV, Left ventricle; RPA, right PA; RV, right ventricle.

(Figure 3B). In the setting of arch obstruction, CW Doppler interroga-
tion of the aortic arch in suprasternal long-axis views may reveal a
characteristic pattern with two peaks superimposed upon one
another: the higher velocity outer envelope reflects flow across the
obstructed area, and the lower velocity dense inner envelope repre-
sents flow proximal to the coarctation site. When there is a large aor-
topulmonary shunt (such as a patent ductus arteriosus,
aortopulmonary window, or arteriovenous malformation) or at least
moderate aortic regurgitation, the abdominal aortic Doppler pattern
typically reveals holodiastolic flow reversal (Figure 3C).

Key Points and Recommendations

e The main and branch PAs, aortic segments, and arch
branches should be evaluated in parasternal and supra-
sternal views.

e The CAs should be evaluated in parasternal views.

e Sweeps with color mapping in a high left parasternal
sagittal or suprasternal long-axis view should be used to
evaluate for a patent ductus arteriosus.

REPORTING

Two-dimensional echocardiographic data interpretation is a standard
skill for all pediatric cardiologists and a major focus during training.'
The core and advanced knowledge elements needed to perform pe-
diatric TTE as listed in Table 5 are the same as those needed for inter-
pretation. In addition, accurate interpretation also requires a review of
the clinical history and an understanding of the indications for the

Table 17 Common nomenclature systems for pediatric and
congenital heart diseases

e International Society for Nomenclature of Paediatric and
Congenital Heart Disease''”

e Association for European Paediatric Cardiology: European
Paediatric Cardiac Code

e Society of Thoracic Surgeons

e Robert Anderson, London

e Richard and Stella Van Praagh and Donald Fyler, Boston
e Paul Weinberg, Philadelphia
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Table 18 Standards and guidelines for the components of a
pediatric transthoracic echocardiographic report''®

Standard report components

Demographic data

e Name

e Medical record number
e Date of birth

Clinical data

Indication(s) for study

Prior diagnoses

Prior interventions

Height or length

Weight

Body surface area

Body mass index

Blood pressure

Oxygen saturation if available

Study information
e Date and time of study
e Location of study
e Echocardiographic modalities performed
o 2D imaging
M-mode echocardiography
Color mapping
Spectral Doppler interrogation
3DE
Strain analysis
e Complete vs focused study
e Ordering clinician name and contact information
e Primary physician if different from ordering physician
L]
L]

0O O O o o

Sonographer or performing physician
Interpreting physician
Critical findings
o Name of clinician notified of findings
e Timing of notification

Summary
o Findings directly related to indication for study
e Organized list of pertinent positive and negative findings
e Limitations to study
o Poor windows
o Patient movement
o Clinical instability
o Physical barriers (tracheostomy, open chest, chest tubes)
e Comparison with findings in prior study if appropriate
Measurements
e Organized by segment
e Designation of each measurement as normal or abnormal
o Z scores if available
o Normal reference ranges if available

Doppler evaluation

e All measured mean and peak velocities and/or gradients
o Valves
o Vessels
o Shunts

e Severity of stenotic structures if appropriate

o Severity of regurgitant valves if appropriate

e Estimation of RV systolic pressure on the basis of the velocity of the

tricuspid regurgitation jet

Study findings

e Visceral and cardiac situs

e Segmental anatomy

e Systemic and pulmonary veins

(Continued)
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Table 18 (Continued)

Standard report components

Atria and atrial septum.

AV valves

Ventricles and ventricular septum

Outflow tracts

Arteries (including CAs)

Patent ductus arteriosus if present

Pericardium

Pleura and diaphragm if appropriate

e Documentation of any structure not well visualized

Signature of interpreting physician
Date and time of report completion

study as well as the specific questions that need to be answered.
Challenges in image acquisition occur when the patient is uncoopera-
tive or when acoustic windows are poor because of obesity, a chest wall
deformity, lung hyperexpansion or unilateral hypoplasia, a mediastinal
mass, scarring from prior operations, surgical dressings, chest tubes, tra-
cheostomy, mechanical circulatory support, or an open chest. In addi-
tion, the time to obtain images may be limited in a critically ill patient,
such as a child being cannulated for extracorporeal membrane oxygen-
ation support. All limitations should be documented on the report to
suggest the potential need for repeat imaging or use of other diagnostic
modalities. In addition, one should distinguish structures that are not
well evaluated because of technical limitations vs structures that may
be abnormally absent, occluded, or thrombosed, thereby requiring
further evaluation. Lastly, tachycardia or bradycardia should be noted
when present, and differences in heart rates should be documented
when comparing ventricular function over serial studies.

Conveying a clear and universally understandable description of
the findings is crucial in an echocardiographic report. Multiple
nomenclature systems have been used to characterize and categorize
abnormal morphology in CHD (Table 17), resulting in variable defini-
tions and terminology for the same lesion or the same terminology for
variable lesions. Coexistence of these systems within one center can
lead to poor communication, confusion, and misunderstanding for so-
nographers, trainees, cardiologists, and cardiothoracic surgeons.
International consensus documents to establish echocardiographic

Table 19 Potential critical findings during the performance of
pediatric TTE'®

e New critical CHD
o Duct-dependent lesion
- Critical aortic stenosis
- Critical pulmonary stenosis
- Critical aortic coarctation
- Functional single ventricle with severe pulmonary stenosis
or pulmonary atresia
- Hypoplastic left heart syndrome
o Total anomalous pulmonary venous return
- Infradiaphragmatic type
- Other type with obstruction
New moderate or severe ventricular systolic dysfunction
New severe valvar regurgitation or stenosis
New moderate or large pericardial effusion
New intracardiac vegetation or mass
New pulmonary hypertension with pulmonary arterial pressure
greater than two thirds systemic pressure
e Significant change compared with the previous study
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Table 20 Methods for QA using the dimensions of care
framework'?°

Quality elements QA methods

Laboratory structure Accreditation through professional societies
Maintenance of standards for laboratory
equipment

Training and credentialing of physicians and
sonographers

Protocol for audit and feedback of quality
issues

Participation in multicenter QI collaboratives

Implementation of AUC

Utility of other guidelines for
echocardiographic indications

Safety protocols for the use of sedation
Documentation of adverse events related to
sedation

Patient selection

Image acquisition Standardized imaging protocols

Protocol for audit and feedback of image

quality

Protocol for audit and feedback of study

comprehensiveness

Evaluation of interreader and intrareader
variability

Correlation with other imaging modalities,

surgical findings, or pathology

Feedback of accuracy and reproducibility of

image interpretation

Standardized reporting structure

Evaluation of timeliness of reporting critical
results

Image interpretation

Results communication

Improved outcomes Metrics for measuring patient outcomes
Patient satisfaction survey

Feedback from referring physicians

data standards and common nomenclature that cross-map terms
from the various systems have been published to mitigate these chal-
lenges.!!”""'8 Until these systems are used routinely in everyday prac-
tice by all stakeholders, it is important for individual centers to agree
upon common nomenclature that all members of the team know and
understand.

The 2006 ASE pediatric guidelines list the minimum standard ele-
ments of a pediatric echocardiographic report.' In addition, the
Intersocietal Accreditation Commission regularly publishes updated
guidelines on the components of a report needed to achieve accred-
itation (Table 18)."'” Reports should be standardized and consistent
within each center. A well-organized and succinct summary should
convey the relevant anatomic and hemodynamic findings in an un-
derstandable and cohesive manner to facilitate optimal communica-
tion and patient care delivery. Comparison with findings from prior
studies should be reported if appropriate. Measurements along with
normal reference ranges and Z scores when available should be pre-
sented in an organized fashion, using tables when possible. All
anatomic and hemodynamic findings should be organized and pre-
sented using the segmental approach. When structures that are impor-
tant to the clinical question are not evaluated (such as CAs in the
setting of chest pain), this should be documented in the report.

Standards for timely interpretation and reporting of pediatric TTE
are available.'"” Stat or emergent studies should be interpreted shortly
after completion. When possible, studies performed in a pediatric echo-
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cardiography laboratory should be reviewed with a physician after im-
age acquisition to ensure the absence of critical findings and to
determine if additional imaging is needed. Finalized reports for routine
inpatient TTE studies should be available within 24 hours of image
acquisition. A list of critical findings should be created so that sonogra-
phers and fellows can immediately review a critical finding with an
attending physician, who in turn should communicate the finding to
the appropriate clinical caregiver or team (Table 19). The ACPC
Quality Network has established a quality metric related to critical find-
ings and determined that reporting of critical findings should occur
within 1 to 2 hours of detection of the finding."® Critical findings should
be communicated using nonroutine and urgent methods, including a
direct phone call, in-person discussion, or text message, with the expec-
tation of confirmation that the message has been received. If the refer-
ring caregiver or team is not available, another caregiver who can
immediately address the critical finding should be contacted.
Documentation of the time of communication and the clinical care-
giver who was contacted should be included in the finalized report.

Key Points and Recommendations

e Multiple nomenclature systems are available to describe
CHDs.

o TTE reports should use nomenclature that everyone un-
derstands in a center.

o Standardized TTE reports should contain a succinct and
focused summary, measurements with Z scores and/or
normal reference ranges, and a description of all findings
organized in a segmental fashion.

e Reports should be available in a reasonable period after
study performance, and all critical findings should be
communicated promptly to the appropriate caregiver.

Quality Assurance

A robust QA and quality improvement (QI) program should be im-
plemented. QA and QI activities require support from all stake-
holders, including physicians, sonographers, hospital administrators,
referring providers, patients, and their caregivers. Applying the “di-
mensions of care” framework for quality in cardiovascular imaging
as defined by the American College of Cardiology, the ASE has
used the structure-process-outcome model from Donabedian’s meth-
odology to establish recommendations for quality echocardiography
operations (Table 20).'?° Structural indicators of quality are the re-
sources needed to provide effective TTE services, including appro-
priate facilities, equipment, staffing, training, and credentialing. The
Intersocietal Accreditation Commission has established specific stan-
dards and guidelines related to these structural elements to achieve
accreditation.''” Process indicators are the activities and tasks needed
to perform TTE, and the four domains of the imaging process that
affect clinical outcomes are patient selection, image acquisition, inter-
pretation, and results communication.

QA related to patient selection has been aided by the availability of
AUC documents and disease-specific guidelines.*” Because of the
wide range in TTE order appropriateness among providers and echo-
cardiography laboratories, educational interventions with audit and
feedback for ordering clinicians and integration of AUC into the elec-
tronic health system as decision-support tools can improve quality in
this domain.'?"'?? QA related to image acquisition, interpretation,
and reporting should occur in the setting of the significant practice
variability within a center, particularly in terms of quantification.'®
Quality metrics have been published by the ACPC Quality
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Network to help with best practices for image quality and performing
a comprehensive pediatric TTE (Table 2),"* and various QI method-
ologies related to image acquisition have been published.'”*!'*°
Diagnostic accuracy and interobserver reproducibility are also impor-
tant components of QA. Using the pediatric echocardiography error
taxonomy model published in 2008,'*° another ACPC quality metric
on diagnostic accuracy provides a framework for pediatric cardiac sur-
gical programs to track diagnostic errors in echocardiography, catego-
rize their severity in terms of clinical impact, and determine their
preventability.® A similar initiative could be implemented in nonsur-
gical centers. The Intersocietal Accreditation Commission pediatric
TTE standards and guidelines require two annual QI meetings for
each facility to discuss diagnostic errors and establish corrective initia-
tives to address systemwide practices that contribute to the errors.'"”
In addition, the accreditation process requires structured quarterly as-
sessments of the following: (1) technical quality of TTE images; (2)
correlation of reported findings with other modalities, surgical find-
ings, or clinical outcomes; (3) physician interpretation variability;
and (4) report completeness and timeliness.

QI activities related to the communication of results have been dis-
cussed above. Because patient satisfaction is a component of out-
comes in this model, all facilities should establish a process in which
feedback from patients, families, and referring providers is solicited
regularly in an organized fashion. Finally, opportunities for using big
data analysis from multicenter QI collaboratives and artificial intelli-
gence to connect echocardiographic data with patient outcomes
may also be explored.

Key Points and Recommendations

e Centers and practices should develop and implement
QA and QI programs to periodically review and measure
the quality of echocardiographic services.

SUMMARY

Pediatric TTE has provided valuable diagnostic information to the pe-
diatric and congenital cardiology community for many decades. Since
the publication of the ASE pediatric TTE guidelines in 2006 and 2010,
there have been significant advances in the knowledge of pediatric and
CHD as it relates to genetics, embryology, morphology, myocardial
mechanics, vascular function, and blood flow dynamics. In addition,
improvements in transducer technology and image processing as
well as continued development of more robust and effective artificial
intelligence algorithms have broadened the capabilities of TTE to pro-
vide accurate and reliable anatomic and physiologic information for
children with heart disease. Two-dimensional echocardiography, M-
mode, and Doppler evaluation continue to be the mainstay of pediat-
ric TTE, but the armamentarium of adjunct diagnostic tools has
expanded to include 3DE, STE, and the use of contrast agents.
Although it is not discussed in this document because it is not an
adjunct modality during standard pediatric TTE, transthoracic stress
echocardiography is gaining increased use in children, particularly in
the setting of valve disease, CA abnormalities, hypertrophic cardiomy-
opathy, and heart transplantation.'*”~'?® Minimal guidelines for its use
and interpretation in pediatrics are included in the ASE stress echocar-
diography guidelines and standards for adults,'** but detailed recom-
mendations have not yet been published.

In developing this update to the 2006 and 2010 documents, there
has been significant effort to distinguish between guidelines as practices
that should be performed and additional or adjunct recommendations
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as practices that may be performed during a complete pediatric TTE and
to avoid describing practices that must be part of an examination. These
recommendations result from a consensus of expert opinions based on
published pediatric guidelines, reports of studies involving pediatric and
congenital echocardiography, and clinical experience. It is important to
recognize that the clinical scenario should always be considered during
the performance of pediatric TTE, allowing flexibility when patients are
unstable, uncomfortable, or uncooperative. Tables and figures in this
document serve as guides for various aspects of pediatric and congenital
TTE. They may need to be updated on a regular basis as knowledge and
technology continue to evolve. In the current era, pediatric TTE is still
limited in its ability to provide accurate data as it relates to cardiac
output, relative flow between the pulmonary and systemic vascular
beds, pulmonary vascular disease, and valve disease. In addition,
many echocardiographic parameters used routinely in adult echocardi-
ography laboratories have not yet been validated for standard pediatric
use. Further research in children is needed for these and other areas,
particularly in terms of the relationship between echocardiographic pa-
rameters and clinical outcomes in acquired and CHD, assessment of
diastolic function in general, quantification of systolic and diastolic func-
tion for the right ventricle and the single ventricle, use of artificial intel-
ligence and machine learning in pediatric echocardiography, and
pediatric applications of strain imaging and contrast echocardiography.
Advances in all these domains can only improve the care of children
with suspected, acquired, or CHD.

NOTICE AND DISCLAIMER

This report is made available by ASE as a courtesy reference source for
members. This report contains recommendations only and should not
be used as the sole basis to make medical practice decisions or for disci-
plinary action against any employee. The statements and recommen-
dations contained in this report are primarily based on the opinions of
experts, rather than on scientifically-verified data. ASE makes no ex-
press or implied warranties regarding the completeness or accuracy
of the information in this report, including the warranty of merchant-
ability or fitness for a particular purpose. In no event shall ASE be liable
to you, your patients, or any other third parties for any decision made
or action taken by you or such other parties in reliance on this informa-
tion. Nor does your use of this information constitute the offering of
medical advice by ASE or create any physician-patient relationship be-
tween ASE and your patients or anyone else.
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