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PREAMBLE

Guidelines for using noninvasive imaging techniques to monitor car-
diac function in adults undergoing cancer treatment are available.1,2

Children with cancer, however, require a different imaging approach.
Screening and detection strategies in younger children have largely
relied on longitudinal monitoring of echocardiographic measures of
left ventricle (LV) systolic function, mainly fractional shortening (FS)
and ejection fraction (EF). Despite the important role of echocardiog-
raphy in the follow-up of this patient group, a recentmulticenter study
indicated that the overall quality of routine pediatric echocardiograms
for childhood cancer survivors was not sufficient to reliably assess LV
function.3 This finding highlights the need to develop recommenda-
tions for the standardization of echocardiographic functional assess-
ment as applied to pediatric oncology patients. Additionally, the
role of newer echocardiographic techniques such as myocardial
1227
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Abbreviations

2D = Two-dimensional

3D = Three-dimensional

ASE = American Society of

Echocardiography

CAC = Coronary artery

calcium

CCT = Cardiovascular

computed tomography

CMR = Cardiac magnetic
resonance imaging

CT = Computed tomography

EF = Ejection fraction

FAC = Fractional area change

FS = Fractional shortening

GCS = Global circumferential

strain

GLS = Global longitudinal

strain

GRS = Global radial strain

HF = Heart failure

LA = Left atrium, atrial

LGE = Late gadolinium
enhancement

LV = Left ventricle, ventricular

LVEF = Left ventricular
ejection fraction

MRI = Magnetic resonance

imaging

RA = Right atrium

RT = Radiotherapy

RV = Right ventricle,
ventricular

STE = Speckle-tracking
echocardiography

TAPSE = Tricuspid annular

plane systolic excursion
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deformation imaging and other
noninvasive imaging modalities,
including cardiac magnetic reso-
nance imaging (CMR) and
computed tomography (CT),
has not been well defined for
this indication.

The aim of this document is
to provide guidance on the
application of multimodality im-
aging in children undergoing
cancer treatment. The Writing
Committee focused on indica-
tions for and performance and
interpretation of current clini-
cally used imaging techniques.
This document is not intended
to make recommendations
regarding the impact of cardiac
imaging results on cancer treat-
ment, as this is highly controver-
sial and should be the topic of
separate practice guidelines.

Most of the published litera-
ture used for writing the current
recommendations studied the
cardiac effects of anthracyclines
and radiotherapy in children.
We acknowledge that over
recent years novel treatments
have been introduced with po-
tential cardiovascular effects,
such as immunotherapies, tyro-
sine kinase inhibitors, vascular
endothelial growth factor inhibi-
tors, stem cell transplant treat-
ments, and CAR T-cell therapy.
It can be expected that as these
therapies are increasingly used
in children, novel information
on their cardiovascular impacts
will become available. We also
acknowledge that both the older
as well as the newer treatments
can have cardiovascular effects
beyond changes detectable by
cardiac imaging, including
vascular and electrophysiologic
effects. Thus, monitoring the car-
diovascular impact of cancer
treatment should go beyond cardiac imaging alone, and treatment-
specific monitoring protocols need to be developed. The field of pe-
diatric cardio-oncology is evolving quickly, thus underscoring the
importance of involving multidisciplinary teams, including cardiolo-
gists, oncologists, pharmacologists, nurses, and geneticists as well as
patients and their families. This document is an expert consensus
document. During the process of evaluating the evidence currently
available, it became obvious that there are important gaps in knowl-
edge that need to be addressed. It is hoped that the availability of a
standardized approach to noninvasive cardiac imaging in childhood
cancer patients is a first step to optimize cardiovascular care for pedi-
atric cancer patients.
INTRODUCTION

During the past 5 decades, remarkable progress has been made in
treating childhood cancer. More than 80% of children diagnosed
with cancer today can expect to survive well into adulthood.4 At
the same time, increased survival has exposed the high burden of
morbidity of cancer therapy delivered at an early age.4 Of the
500,000 long-term childhood cancer survivors in the United
States, nearly one-third are estimated to experience a severe or
life-threatening chronic health condition, such as cancer recurrence,
a subsequent malignant neoplasm different from the original cancer,
and cardiopulmonary disease within 20 years after primary cancer
treatment.4-6 In these survivors, cardiovascular disease is the third
leading cause of premature mortality after cancer recurrence and
a subsequent malignant neoplasm, with a 7-fold increased risk of
cardiovascular mortality compared to that of the general popula-
tion.4-7

Cardiovascular complications after cancer treatment include left
ventricular (LV) dysfunction, cardiomyopathy, heart failure (HF), cor-
onary artery disease, stroke, pericardial disease, arrhythmia, and
valvular and vascular dysfunction.8,9 Different chemotherapeutic
agents have different cardiovascular effects (Figure 1), with anthracy-
clines being the main contributors to the development of cardiac
dysfunction with early and late development of HF. Cardiovascular
risk is further increased by exposure to chest radiation as this can
cause additional myocardial, valvular, and coronary artery damage.10

Current cancer treatments are administered with an attempt to
minimize the long-term cardiovascular effects.11 These include lower
cumulative doses of anthracyclines and use of cardioprotective agents
including dexrazoxane in protocols that include high cumulative an-
thracycline doses.12 The preventative use of cardiovascular medica-
tions such as neurohormonal inhibitors, angiotensin-converting
enzyme inhibitors, beta-blockers, and statins has been studied mainly
in adult patients.5,11,13 Increased precision in chest radiation tech-
niques has resulted in reducing cardiac exposure. These practice
changes have reduced the incidence of HF, pericardial disease, and
valvular disease in this population.5,11 Despite these improvements,
cardiovascular complications developing during and after cancer
treatment remain a significant challenge and continue to compromise
the long-term health of this growing patient cohort.8,14
Current Practice Guidelines on Monitoring for Cardiac
Disease During and After Pediatric Cancer Treatment

The primary goal of cardiac monitoring is to identify early signs of
potentially reversible heart disease and to minimize the risk of pro-
gression from asymptomatic to clinically overt heart disease.8,9 A pa-
tient who receives cardiotoxic cancer therapy is considered to be at
stage A of HF according to the American College of Cardiology/
American Heart Association staging system.15 Cardiac surveillance
and monitoring in such patients should seek to prevent progression
from stage A (patients at high risk for HF) to stage B (patients with
structural abnormalities, including evidence of LVremodeling without
symptoms of HF), as well as to stage C (symptomatic HF; Figure 2).



Figure 1 Overview of the cardiovascular effects of cancer treatments and use of imaging modalities. HTN, Hypertension; LVD, LV
dysfunction; TK, tyrosine kinase.
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Prior to starting cardiotoxic treatment, a full baseline structural and
functional echocardiogram should be performed. Most of the current
cardiotoxicity surveillance practices are based on consensus-based
expert opinion guidelines. Steinherz et al.16 recommended surveil-
lance echocardiograms at baseline, before every other anthracycline
cycle until a cumulative anthracycline threshold of 300 mg/m2 was
met. After crossing this threshold, an echocardiogram was recom-
mended before each anthracycline dose and at 12 months of therapy.
The guideline recommended discontinuing anthracyclines in the
event of marked deterioration of cardiac function, defined as an abso-
lute decline in EF by 10% (e.g., decline from 60% to 50%), an FS less
than 29% as measured by echocardiography, or an EF less than 55%
as measured by radionuclide angiocardiography on 2 sequential
studies. Anthracyclines were to be restarted only with evidence of
normal LV function on 2 sequential studies 1 month apart. These
guidelines were not informed by prospective studies and are poorly
supported by evidence. The Children’s Oncology Group clinical trials
conducted over the past 2 decades have generally recommended
echocardiographic monitoring at least as frequently as that proposed
in the Steinherz et al. guidelines. Children’s Oncology Group proto-
cols typically apply thresholds for withholding anthracyclines for FS
between 27% and 29% or EF between 50% and 55%. However,



Figure 2 American College of Cardiology/American Heart Association staging system for HF.
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these thresholds for anthracycline dose modifications are similarly
lacking in evidence-based data to inform the predictive value of acute
declines in these functional parameters on early or late adverse car-
diac outcomes.

The decision towithhold ormodify cancer treatment is not without
risk. Among 1,022 children with acute myeloid leukemia treated in
the phase 3 Children’s Oncology Group study AAML0531,14 12%
experienced grade 2+ LV systolic dysfunction, defined as an EF
<50% or an FS <24%, primarily occurring during cancer treatment,
thus potentially leading to early discontinuation of anthracyclines.
The occurrence of LV systolic dysfunction was associated with a
more than 15% decrement in 5-year event-free and overall survival
compared to those without. The inferior cancer survival observed
in the setting of anthracycline limiting cardiac dysfunction emphasizes
that anthracycline dose modifications should be used cautiously,
tailored to each individual child, and informed by a multidisciplinary
cardio-oncology team. Current practice guidelines recommend
consideration of oncologic regimen changes based on FS or EF calcu-
lations and use very strict cutoff values for detecting dysfunction.
These recommendations do not take into consideration the tech-
nique used or the variability in the measurements.

The International Late Effects of Childhood Cancer Guideline
Harmonization Group developed evidence-based guidelines for car-
diomyopathy risk stratification and screening for childhood cancer
survivors.17 Based on moderate-to-high-quality evidence, survivors
are classified as having low, moderate, or high cardiomyopathy risk
based on cumulative anthracycline dose and exposure to chest radio-
therapy. Survivors who have received 1 to 99 mg/m2 of anthracy-
clines, less than 15 Gy of radiotherapy, or both are considered low
risk. Those who have received between 100 and 249 mg/m2 of an-
thracyclines or 15 and 30 Gy of chest radiation are at moderate
risk, while those who have received $250 mg/m2 of anthracyclines,
$30Gy of chest radiation, or the combination of$100mg/m2 of an-
thracycline and$15 Gy of chest radiation are considered at high risk
for cardiomyopathy. In high-risk survivors, screening is recommended
starting 2 years after treatment and repeated every 2 years thereafter.
In long-term survivors with moderate risk, an every 5-year screening
interval is considered reasonable. For low-risk survivors, who consti-
tute approximately 40% of those for whom screening is currently rec-
ommended, screening was not demonstrated to be cost-effective,
even at 10-year intervals. Based on these findings, the authors sug-
gested against screening the lowest-risk patients.18 It should be
emphasized that this risk stratification is based on historical data.
Recent modifications in cancer therapies, including the introduction
of cardioprotective agents such as dexrazoxane and novel cancer
therapeutic agents, may have modified the cardiovascular risks.
Additionally, recent genomic data suggested that individual risk
may be further modified by genetic variations, such as in genes
involved in drug metabolism or in biological cardioprotective path-
ways. Thus, future research on individualizing cardiovascular risk
will need to consider both the genomic background and environ-
mental factors, such as type of treatment.

Recommendations and Key Points
� During cancer treatment inclusive of cardiotoxic medications, echocar-

diographic screening for early detection of subclinical cardiac dysfunc-
tion is recommended. The frequency of screening will depend on doses

used and other coexisting risk factors.
� Current criteria for defining early cardiac dysfunction are based on

decreased FS or EF that have been poorly validated in prospective studies.

Withholding cancer treatment requires multidisciplinary decision-mak-

ing and must be made cautiously.
� After completion of treatment, cardiac surveillance is recommended at

least every 2 years for high-risk and every 5 years for moderate-risk pa-

tients. The cost-benefit for low-risk patients is questionable, and evi-

dence-based recommendations for cardiac surveillance after novel

treatments have not been established.
PART 1. ECHOCARDIOGRAPHIC EVALUATION OF

CHILDREN WITH CANCER

Echocardiography is the primary cardiac imaging technique for chil-
dren before, during, and after cancer therapy. The first echocardio-
graphic evaluation should include a complete structural and
functional examination. Follow-up studies should focus on assess-
ment of LV and right ventricle (RV) function, valve function, and
the pericardium. A standardized protocol for measuring functional
parameters must be developed, as consistency in echocardiographic
methods is crucial for interpreting serial changes in cardiac function
that may occur during and after treatment. Measurement variability
should be minimized as this is essential for detecting subtle changes
in cardiac function.19,20 Combining and utilizing different measures
of LV function for serial assessment, such as EF based on two-
dimensional (2D) and three-dimensional (3D) imaging combined
with myocardial deformation imaging, may allowmore reliable detec-
tion of subtle changes in cardiac function.21 In Table 1 we summarize
how to perform the different measurements.

The pathophysiology of cardiac dysfunction in both children and
adults undergoing cancer treatment is not fully understood and is
beyond the scope of this document.22-24 Some changes are
important to understand when assessing cardiac structure and



Table 1 Echocardiographic measurements in childhood cancer patients

Parameter(s)

Recommended

view(s) and modality Method Echo images with measurements Advantages Pitfalls

LV dimensions M mode
Parasternal short- or

long-axis views

� Image optimized to
enhance blood-

endocardium interface.

� Cursor placement

perpendicular to IVS, LV,
and LV posterior wall at

the level of the papillary

muscles or tip of mitral

valve leaflets in younger
patients.

� Measurements in ED,

defined as the first frame
after mitral valve closure

or the frame in the

cardiac cycle in which

the LV dimension
measurement is the

largest.

� High temporal
and spatial

resolution.

� Reproducible.

� Normative
pediatric Z scores

available.

� Assumes normal LV
shape.

� Depends on good

blood endocardial

border definition.
� We do not
recommend using
FS as a measure of
LV function.

LV dimensions 2D

Parasternal short or

long axis

� Measurements made at

the level of the papillary

muscles or tip of mitral

valve leaflets in younger
patients.

� Reproducible.

� Normative

pediatric Z scores

available.

� Lower temporal

resolution compared

to M mode.

� We do not
recommend
calculating
shortening fraction
as measure of LV
function.

(Continued )
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LVEF

Area-length

2D

Apical 4 chamber

Parasternal/
subcostal short axis

� Length measured from

basal border to apical

endocardium in ED and
ES, which is defined as

the frame after aortic

valve closure or the

frame in which the LV
dimension is smallest.

� Manual tracing of the

endocardium in ED and
ES for CSA.

� Papillary muscles

included in the area

trace.
� LV volume = 5/6 � CSA

� length

� Calculation

influenced by LV

shape.
� Preferred method

in younger

children when

apical 2-chamber
view is difficult to

obtain.

� LV apex can be

foreshortened.

� Manual tracing is
user dependent.

LVEF
Biplane method

of disks

2D
Apical 4 chamber

Apical 2 chamber

� Image optimized to view
the entire LV, taking care

to not foreshorten the LV.

� ROI tracing from mitral

valve hinge points along
the LV endocardial

contour in both end-

diastolic and end-
systolic frames.

� ED is defined as the first

frame after mitral valve

closure or the frame in
the cardiac cycle in

which the LV volume

measurement is the

largest. ES is best
defined as the frame

after aortic valve closure

or the frame in which the
cardiac volume is

smallest.

� Papillary muscles

included in the volume
trace.

� Less geometric
shape

assumptions.

� Preferred method

when both apical
2- and 4-chamber

views can be

obtained.
� Automated and

semiautomated

methods have

become available.

� Underestimates LV
size in smaller

patients as 2-

chamber view often is

foreshortened
� Manual tracing

results in variability.
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LVEF

3D echo

Apical 4 chamber

3D volume

� 3D volume should

include entire LV avoid

foreshortening or stitch
artifacts.

� Temporal resolution of

>20-25 volumes per

second.
� Fully automated border

detection available.

� No geometrical

assumptions.

� Automated
analysis available.

� Reproducible.

� Normative

pediatric data
available.

� Image quality-

dependent.

� Lower temporal
resolution.

� Requires

cooperation.

� Specific transducers
and software analysis

package needed.

LV GLS STE
Apical 4 chamber,

Apical 2 chamber,

Apical 3 chamber

� Image optimized
for myocardial definition;

avoid foreshortening or

dropout.
� 3 views selected should

have similar heart and

frame rates with clear

electrocardiogram
tracing

� Visual inspection to

ensure accurate tracking

of LV walls; analysis
excluded if more than 2

segments per view show

poor tracking.

� Highly
reproducible.

� Automated

analysis.

� Image quality
dependent

� Heart and frame rates

need to be
comparable in all 3

views.

� Specific software

analysis package
needed.

� Vendor dependent.

(Continued )
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Tissue Doppler TDI

Apical 4 chamber

� Image optimized for

parallel alignment of

ventricular septum and
LV free wall.

� Sample volume (5 mm)

placed at the basal

regions of the lateral LV
wall and IVS.

� Measure systolic peak

velocity (s’), early
diastolic filling velocity

(e’) and atrial contraction

velocity (a’).

� Easy to measure.

� Reproducible.

� Angle dependent.

� Limited as regional

assessment
(longitudinal motion

only).

� Not extensively

validated for systolic
function in pediatric

population,

limitations in
interpretation.
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Mitral inflow PW Doppler

Apical 4 chamber

� Color Doppler imaging

used for optimal

alignment of cursor with
mitral inflow

� Cursor placed across the

mitral valve with sample

volume just inside the LV
at the tips of the mitral

valve leaflets..

� Measure early diastolic
filling (E) and atrial

contraction (A).

� Easy to measure.

� Reliable and

reproducible.
� Normative

pediatric data

available.

� Increased HR can

lead to E- and A-

wave fusion.
� Influenced by age

and loading

conditions.

� Alignment
dependent.

Pulmonary

venous

velocities

PW Doppler

Apical 4 chamber

� Color Doppler imaging

used for optimal

alignment of cursor with
pulmonary venous flow.

� Sample volume placed

into the right or left upper
pulmonary vein, as

distally into vein as

possible.

� Measure systolic (S),
diastolic (D) and a-wave

reversal (A) velocities.

� Reliable and

reproducible.

� Normative
pediatric data

available.

� Alignment

dependent.

� Data become difficult
to interpret if atrial

shunt is present.

LA volume 2D

Apical 4 chamber,
Apical 2 chamber

� Image optimized for

clear delineation of LA
borders with no

foreshortening of the LA.

� Measurements obtained
at ES.

� LA length is the shortest

of the 2 long axes

measured in the apical 2-
and 4-chamber views.

� ROI tracings must

exclude the LA

appendage and
pulmonary veins.

� Biplane volume

measurement is
superior to linear

LA dimension for

assessment of LA
size.

� Can be difficult to

exclude pulmonary
vein(s) and LA

appendage.

(Continued )
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LA strain STE

Apical 4 chamber

� Image optimized to view

the entire LA with no

foreshortening of the LA
� ROI tracing from mitral

annular hinge point,

along the LA contour to

the opposite annular
hinge point.

� ROI extends across

orifices of pulmonary
veins and LA appendage

and ROI thickness

should cover only LA

endocardial to epicardial
border.

� Adjust zero strain

reference markers to

mitral valve closure.
� Measure peak strain and

peak atrial contraction

strain

� Adds LA function

quantification to

LV diastolic
assessment.

� Image quality

dependent.

� Lack of pediatric
data.
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RV size 2D

RV-centric

Apical 4 chamber

� Image optimized for

endocardial border

definition of the RV
throughout cardiac

cycle; avoid

foreshortening or

dropout.
� Basal, midcavity, and

apical diameters

measured at ED.

� Easy to measure

basal diameter.

� Normal pediatric
data available for

basal and

midcavity

diameters.
� Apical diameter

reflects

remodeling in
pulmonary

hypertension.

� Dependent on good

endocardial border

definition and
adequate

visualization of RV

lateral wall.

� Limited pediatric
normal data available

for apical diameters.

� Weak correlation with
MRI volumes.

TAPSE M mode

RV-centric

Apical 4 chamber

� Image optimized for

alignment of cursor with

RV free wall.
� ActivateMmodewith the

cursor across the lateral

tricuspid annulus.

� Measure annular motion
from ED to peak systole.

� Easy and fast to

perform.

� Normal pediatric
data available.

� Angle dependent.

� Age and cardiac size

dependent.
� Limited as regional

assessment.

(Continued )
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Tissue Doppler

RV free wall

TDI

RV-centric

Apical 4 chamber

� Image optimized for

alignment of cursor with

RV free wall.
� Sample volume (5 mm)

placed in the basal

region of free wall.

� Measure systolic peak
velocity (s’), early

diastolic filling (e’) and

atrial contraction (a’).

� Easy to measure.

� Reliable and

reproducible.
� Normal data

available.

� Angle dependent.

� Limited as regional

assessment.

FAC, % 2D

RV-centric

Apical 4 chamber

� Image optimized for

endocardial border

definition of the RV
throughout cardiac

cycle; avoid

foreshortening or

dropout.
� Trace end-diastolic area

and end-systolic area

along endocardial

borders from tricuspid
annular hinge point,

down to RV apex and

back up to opposite

hinge point. Close the
area with a straight line

connecting the 2 hinge

points.
� Cavity area should

include moderator band,

tricuspid valve and

trabeculations.

� Reflects

longitudinal and

radial contraction.
� Reproducible if

well standardized.

� Modestly

correlates to MRI
EF.

� Image quality

dependent: RV walls

can be difficult to
visualize.

� Trabeculations can

make defining the

endocardial border
difficult and introduce

variability.

� Foreshortening

� Dilated RV apex may
not fit within the

sector near field.

� Does not include RV

outflow segment to
estimate RV function.
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RV strain, % STE

RV-centric

Apical 4 chamber

� Image optimized for

myocardial definition,

avoid foreshortening or
dropout.

� ROI covers the RV free

wall from base to apex,

endocardium to
epicardium, taking care

to exclude

trabeculations.
� Visual inspection to

ensure accurate tracking

of RV free wall; exclude

analysis if more than 1
segment shows poor

tracking.

� RV GLS (%) = average

peak systolic strain of 3
RV free-wall segments.

� Easy

measurement

with good
reproducibility.

� Image quality

dependent.

� Vendor dependent.

RV EF (%) 3D

RV-centric
Apical 4 chamber

3D full volume

� Image optimized for

endocardial border
definition; avoid

foreshortening or stitch

artifacts.

� 3D volume should
include entire RV with

temporal resolution of

>20-25 volumes per

second.
� Labeled calipers placed

on the apical 4-chamber

and short-axis cuts of the
volume.

� Visual inspection to

ensure accurate

endocardial surface
detection and include

trabeculations and

moderator band in the

cavity.

� Includes all

regions of the RV
with no geometric

assumptions.

� Correlates to RV

EF by MRI.
� Automated

tracking ensures

better

reproducibility.

� Image quality

dependent: poor
visualization of

anterior wall and

outflow.

� Requires regular
rhythm, patient

cooperation and 3D

equipment along with

user training.
� May be time

consuming.

� Dilated RV apex may
not fit within the

sector near field.

CSA, Cross-sectional area; ED, end diastole; ES, end systole; IVS, interventricular septum; PW, pulsed-wave; ROI, region of interest; TDI, tissue Doppler imaging.
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function by imaging techniques as they explain some of the observed
pathological findings. When the myocardium is exposed to cardiotoxic
agents such as anthracyclines, this can result in myocyte apoptosis and
cell death. In the remaining cells, the contractile apparatus is depleted
and mitochondrial function is altered. Loss of cells can result in wall
thinning, which increases local wall stress and may cause further
maladaptive remodeling. Replacement fibrosis increases myocardial
stiffness, which contributes to diastolic dysfunction. In the acute
phase of cardiac toxicity following anthracycline administration, an
inflammatory response with myocarditis-like presentation can occur.
This immune-mediated response can be reversed between treatment
cycles.

After therapy, LV wall thickness, mass, and relative wall thickness
may be reduced.25-27 Loss of cells in a younger heart with
increased stiffness can affect growth potential and myocardial
adaptation to body growth, which puts younger children at higher
risk for late effects. In several clinical trials in pediatric cardio-
oncology, relative wall thickness was the primary outcome variable,
including the 2 largest completed trials of dexrazoxane as a cardiopro-
tective agent and an ongoing trial testing the use of carvedilol as pri-
mary prevention.25,28 Adverse remodeling may occur in the absence
of overt cardiac dysfunction, and in longitudinal studies, it has pre-
ceded dysfunction.29 Although a reduction in relative wall thickness
is potentially concerning, what constitutes a clinically meaningful
reduction is unknown. In addition, there are no evidence-based rec-
ommendations for managing specific changes in abnormal remodel-
ing. The potential utility of cardioprotective therapy to mitigate or
reverse the adverse remodeling process is an area of investigation.
1.1. Assessing LV Size and Function

1.1.1. Assessing LV Dimensions, Volumes, and

Mass. Different echocardiographic methods can be used to measure
LV dimensions, mass, and volumes. For longitudinal follow-up, consis-
tency in the methodology used in the echocardiographic laboratory is
essential for interpretation of the data.Measurements of cardiac dimen-
sions in children should be corrected for somatic growth. We recom-
mend using the Pediatric Heart Network normative Z scores, but
echocardiography laboratories may use other normative data as long
as there is consistency in reporting.30

Most frequently reported are linear dimensions of the LV diastolic
cavity, interventricular septum, and posterior wall that can be derived
from M mode or 2D echocardiography.31 Measurements are ob-
tained from the parasternal short-axis or long-axis views, just below
the mitral valve leaflets. M mode has higher temporal resolution,
which may be an advantage for younger children with higher heart
rates. Wall thickness measurements tend to be more variable than
those for cavity dimensions, especially in newborns.32 The thinner
the wall, the more important accuracy becomes because a 1-mm er-
ror in a 5 mm thick wall is more important than a 1-mm error in a 10
mm thick wall. Averaging multiple measurements can increase accu-
racy, at the expense of prolonging scan and analysis times. Linear di-
mensions of LV wall thickness and size must be included in every
study.

Additionally, LV volumes and mass can be calculated from M-
mode/2D measurements using the Teichholz (LV volume) and
Devereux (LV mass) formulas, respectively.31,33 The Teichholz for-
mula is based on linear dimensional measurements at the base of
the LV and assumes a regular geometric LV shape when calculating
volumes. TheM-mode/2D echocardiography-based mass calculation
formula combines different linear measurements, including thickness
measurements of both the septum and posterior walls. While this is
associated with measurement variability, it has been reported to
correlate well with CMR mass calculations. Mass calculations require
different corrections for body size in children, especially for obese
children. Adjustments for height or lean body mass can improve
the accuracy of detecting abnormal cardiac mass and have been pro-
posed for monitoring patients with LV hypertrophy.30,34-36

Mass and volume can be derived from the area-length method.31

As generally the endocardial and epicardial borders are well defined
on short-axis imaging, this reduces the potential for measurement er-
rors. The calculation for mass and volume in this method relies, how-
ever, on geometric assumptions, which can introduce potential errors.
Volume can also be determined using the biplane method of disks.
This method has the advantage of requiring fewer geometric assump-
tions than the area-lengthmethod does, but in younger children the 2-
chamber view can be more difficult to obtain for reasons related to
limitations in rib spacing. It is our recommendation that the biplane
method should be the preferred method, with the possibility of using
area-length in case of limited apical imaging windows and with the
option of allowing individual laboratories to define their preferred
technique, as long as they are consistent in their approach. Three-
dimensional echocardiography can also be used to determine both
mass and volume. The lack of geometric assumptions and (semi)-
automated analysis are attractive features of 3D echocardiography-
derived volume measurements. A meta-analysis comparing measure-
ments taken with 3D echocardiography to those taken with magnetic
resonance imaging (MRI), as the reference standard, concluded that
3D echocardiography may underestimate LV volume,37 whereas
data suggest that 3D echocardiography can reliably measure LV
mass.38 Temporal resolution can be problematic when acquiring
3D echocardiographic images, especially in younger children with
higher heart rates.

Recommendations and Key Points
� Serial assessment of LV chamber size and wall thickness must be included

when evaluating children with cancer before, during, and after treat-
ment.
� Linear dimensions of the LV cavity, interventricular septum, and poste-

rior wall can be measured either by M-mode echocardiography or by

2D echocardiography. Consistency in the method used for measuring

linear dimensions is crucial for interpreting serial changes. The measure-

ments should be corrected for body size, and Z scores should be included

in the reports.
� Left ventricle volume and mass measured by 2D echocardiography using

the method of disks or the area-length method can provide additional

and more detailed information on LV size.
� Three-dimensional echocardiography is an emerging technique in pedi-

atrics for assessing LV volume and mass without geometric assumptions.

1.1.2. Assessing LV Systolic Function.

1.1.2.1. Left Ventricular FS. Historically, LV FS has been used as a
surrogate measure of EF, particularly in children with cancer.
Fractional shortening is calculated from 2D echocardiographic or
M-mode measurements of LV cavity dimensions in end diastole
and end systole from parasternal short- or long-axis views. The reli-
ability of FS based on M-mode calculations in children has been chal-
lenged because of high variability in measurements.39 More recently,
the reproducibility and accuracy of the FS calculation based on 2D
echocardiographic measurements was questioned.40 Fractional short-
ening should be considered a regional functional parameter that it is
based on the motion of the basal segments of the interventricular
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septum and the posterior wall and that only assesses radial thickening.
In case of regional wall motion abnormalities, it cannot be used as a
measure of global LV function. Given these limitations, adult guide-
lines recommend calculating EF in cancer patients rather than using
FS. Given its high variability, FS should not be used in the follow-up
of pediatric cancer patients.

1.1.2.2. Assessing LVEF. Ejection fraction is the most widely used
echocardiographic measure for monitoring global LV function. As the
same limitations apply to EF calculated by M mode (Teicholz method)
as to FS, it should be avoided in the follow-up of pediatric cancer pa-
tients. Common 2D echocardiographic algorithms to measure EF
include the biplane method of disks and the 5/6 area-length (bullet)
method. The method of disks is recommended in adult guidelines
because it is less dependent on geometric assumptions.41 It requires
acquiring 2 imaging planes from apical views. In younger children, ob-
taining the apical 2-chamber view can be challenging because of the
large probe imprint relative to rib spacing. This can result in foreshort-
ening of the 2-chamber view, affecting volumetric calculations. The
area-length method can be easier as it can also use subcostal short-
axis views in case of poor parasternal windows. Both methods require
high-quality images for defining the endocardial borders using either
manual or automated tracing. We recommend using the biplane or
3D echocardiographic methods for calculating EF. In cases where the
apical images are suboptimal, the area-length method can be a good
alternative. The use of the method of disks is consistent with the adult
guidelines and allows EF measurements to be used for serial follow-up.
Most importantly, each laboratory should consistently follow a single
method for surveillance and serial measurements for assessing EF.
Fully automated tracking and analysis methods using machine
learning–based software have become available and can rapidly
compute EF with high accuracy (98%), low inter- or intrareader vari-
ability, and good agreement with EF measurements derived from
manual tracking.42 However, these algorithms have not been widely
tested in children and specific applications need to be developed for
pediatric use.

In adults, EF calculated by 3D echocardiography has been recom-
mended for following oncology patients with the method of disks as
the alternative if 3D echocardiography is not available. However, us-
ing 3D echocardiography has unique challenges in children, including
the need for patient cooperation to acquire high-quality data with
good spatial and temporal resolution. Moreover, at higher heart rates,
the relatively low volume rates can affect the accuracy of identifying
the end-systolic and end-diastolic frames needed to calculate EF. The
feasibility of 3D volumetric LV functional assessment in children
ranges between 70% and 91%, with lower values for younger chil-
dren.43-45 The accuracy of 3D echocardiography for measuring LV
volumes and function is indicated by its excellent agreement with
CMR-based LV volumes and EF calculations in both children and
adults.46,47 The clinical utility of 3D-based volumetric acquisitions is
facilitated by increasing automation, often using artificial
intelligence–based technology. It can be assumed that 3D EF calcula-
tions will become the gold standard in the future. While we recom-
mend using it in adolescents and young adults, 2D-based
volumetric calculations remain the most commonly used methods
in pediatric echocardiography.

1.1.2.3. Detecting Meaningful Change in LV Systolic Function.
Given the measurement variability, different guidelines have attemp-
ted to describe a clinically significant change in LV functional echocar-
diographic parameters in children, although the changes have not
been evaluated in prospective studies. Early consensus-based guide-
lines have defined a significant decrease in LV function as (1) an abso-
lute 10% decrease in FS (e.g., FS from 39% to 29%), (2) an absolute
value of FS <29%, (3) a 10% decrease in EF (e.g., from 65% to 55%),
or (4) an EF <55%.16 The Late Effects of Childhood Cancer task force
of the DutchChildhoodOncology Group 2012 guidelines defined LV
function as borderline abnormal when FS was between 25% and
29% or EF was between 45% and 49%. Abnormal function was
defined as an FS <25% or an EF <45%.48 Because of higher repro-
ducibility, our group recommends using EF measurements rather
than FS. Changes within the normal range are challenging to interpret,
given that EF may be influenced by multiple variables, such as anemia
or hyperdynamic loading conditions at cancer diagnosis/baseline
assessment. Additionally, the clinical predictive value of a 10%
decrease in EF has not been demonstrated. Therefore, it is more clin-
ically useful to identify when EF is abnormal, as this may require
consultation with a cardio-oncology team. For this purpose, an
EF$55% is considered normal, between 50% and 54% as borderline
normal, and below 50% as abnormal. When EF is borderline or
abnormal, an earlier echocardiographic reassessment, typically within
1 to 2 weeks, is recommended, or EF could be assessed using another
imaging modality such as cardiac MRI before therapeutic changes are
considered. Especially during treatment, early reassessment over-
comes some of the measurement variability and allows for additional
recovery time from the last chemotherapy dose. When EF is <50%,
this is considered abnormal, and earlier reassessment within 1 to
2 weeks or confirmation with a different imaging modality such as
cardiac MRI may be considered. When EF is abnormal, a cardiology
consultation is recommended.

Recommendations and Key Points
� We recommend the use of EF and not FS for monitoring LV function in

children with cancer.
� For measuring EF by 2D echocardiography, we recommend using the

biplane method of disks for serial follow-up. If apical 2-chamber views

are limited, the area-length method is a reasonable alternative, especially

in young children.When available, 3D echocardiography-based EF calcu-

lations are preferable in adolescents and young adults.

� Each laboratory should consistently utilize a single method for serial

assessment of LV function. The method used should be identified in

the report.

� Normal EF is $55%. An EF value between 50% and 54% is borderline

function and should be confirmed by a second echocardiogram acquired

within 1 to 2 weeks (during treatment) or within 6 months (after treat-

ment). In case of borderline LV function, assessment of LV function by

other imaging modalities, such as cardiac MRI, can be considered.

When EF is <50% a cardio-oncology consultation is recommended

(Figures 3 and 4).

1.1.3. Use of Tissue Doppler and Myocardial Deformation

Imaging.

1.1.3.1. Tissue Doppler Velocities. Myocardial function can be
measured directly from myocardial velocities and myocardial defor-
mation with tissue Doppler imaging and speckle-tracking echocardi-
ography (STE).49 Tissue Doppler imaging measures myocardial
velocities and thus assesses myocardial motion. Typically, these im-
ages are obtained at or just inferior to the mitral annulus from the api-
cal 4-chamber view to measure longitudinal annular motion as a
characteristic of LV longitudinal function. For assessing systolic func-
tion, peak systolic velocity is typically measured. Although some
data suggest tissue Doppler velocities are reduced in children exposed
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to anthracyclines, the reductions were mainly in diastolic velocities
rather than in systolic velocities.50 Clinical utility of tissue Doppler ve-
locities in children is limited as they are influenced by age, heart size,
heart rate, cardiac translation, and intersegmental tethering.
Myocardial deformation imaging by STE has largely replaced tissue
Doppler imaging for assessing systolic function.

1.1.3.2. Myocardial Deformation Imaging by STE. Speckle-
tracking echocardiography is a grayscale imaging technique based
on identifying echocardiographic reflectors in the myocardium
(speckles), whosemotion can be tracked throughout the cardiac cycle
in 2 or 3 dimensions.51 The most commonly used method is 2D STE.
Strain reflects how much a myocardial segment shortens or thickens,
whereas strain rate reflects the rate of deformation. Left ventricle
myocardial deformation is described in a Cartesian system with
myocardial fiber shortening or lengthening in the longitudinal and
circumferential directions and myocardial thickening or thinning in
the radial direction. By convention, myocardial strain is defined as
the percentage change in myocardial segment length from its original
length, with systolic myocardial segmental shortening or thinning de-
noted by a negative value (–%) and lengthening or thickening by a
positive value (+%). Longitudinal myocardial strain can be assessed
from the LV apical views, whereas circumferential and radial strains
are measured in LV short-axis views. The conventional 17- or 18-
segment models of the LV are typically used. Strain measurements
in the different LV segments are averaged to calculate global longitu-
dinal strain (GLS), global circumferential strain (GCS), and global
radial strain (GRS). The most frequently used parameter is GLS,
which is a global index of LV longitudinal function that has been stud-
ied in various diseases in both children and adults. Global circumfer-
ential strain and GRS are less reproducible, and their clinical value in
addition to GLS is uncertain. Global longitudinal strain is measured
from the apical 2-, 3-, and 4-chamber views. Importantly, the effect
of foreshortening on strain measurements can be considerable in
adults.52 The impact of foreshortening in children has not been
well studied but could be important for retest variability. In the
absence of 2- or 3-chamber views, average 4-chamber strain can be
reported. Processing is largely automated and can be performed on
the ultrasound machine or using dedicated software. In children,
the higher heart rates can be a limitation as frame rates have to be
at least 2/3 of the heart rate, which can be difficult to achieve.
Strain measurements are influenced by heart rate and loading condi-
tions, and changes in strain measurements must be interpreted
cautiously.

The advantage of using GLS is that it is highly reproducible, with a
variability ranging between 5% and 10%, which is much lower than
the variability of a 2D EF calculation that ranges between 15% and
20%.53,54 Adult cardio-oncology guidelines have recommended that
GLS be included in the baseline assessment and follow-up of patients
treated with cardiotoxic drugs.1,2,55 In these guidelines, a reduction in
absolute strain by greater than 15% of its baseline value (for instance
from�20% to�17%) is considered to be clinically important on serial
evaluations. An absolute GLS value more negative than �18% is
considered normal, a value between �16% and �18% is considered
borderline, and a value less negative than �16% is considered to indi-
cate LV dysfunction. Several studies in adults found that a reduction in
GLS preceded a reduction in EF when used for surveillance during
treatment,56,57 with some data suggesting that GLS may also be useful
in cardiotoxicity monitoring during pediatric cancer treatment.58

Introducing STE to a clinical echocardiography laboratory can be
technically challenging, mainly because strain measurements can
vary slightly by vendor and among software packages.53

Intervendor variability has also been reported in pediatric applica-
tions.59-63 Accordingly, using STE for clinical follow-up requires
either using the same ultrasound equipment or using vendor-
neutral software to analyze the strain data obtained on ultrasound
machines from different vendors. The second approach requires ex-
porting data into a specific analysis program, which adds complexity
to the workflow. Other obstacles to introducing STE in pediatric
echocardiography laboratories have been identified, which all have
possible solutions.64 Some software packages can calculate layer-
specific strain values including endocardial or midlayer strain, but
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these values may also vary by vendor.62 Both endocardial and mid-
myocardial strain values can be used for follow-up, as long as there is
consistency in the method used as the values slightly differ between
both methods. Every laboratory should develop a workflow and
standard method for assessing GLS in pediatric cancer patients.

Normal values for LV strain data in healthy children are available
across vendors. A meta-analysis of data from 2,300 healthy children
found that mean LV GLS is�20.2% (95% CI, �19.5% to�20.8%),
meanGCS is�22.3 (95%CI,�19.9% to�24.6%), andmeanGRS is
45.2% (95%CI, 38.3% to 51.7%).65 Different reference ranges vary,
but the above analysis is independent of differences in demographics,
age, and vendor. The wide normal ranges for GCS and GRS make
them less useful for serial monitoring in cancer patients. A meta-
regression analysis suggested that LV end-diastolic dimension helps
explain variation in measurements of GLS. A study in healthy chil-
dren of the effect of body size and age on GLS measurements, con-
verted to Z scores, found a statistically significant but weak
nonlinear correlation between GLS and body surface area.66

However, the influence of body surface area is small and can be clin-
ically ignored. As normal ranges for children are very similar to adult
values, we propose using the values suggested for defining normal
ranges in adults. When GLS becomes borderline or abnormal, with
preserved EF, more frequent follow-up may be indicated, but the
data supporting this are still missing.

1.1.3.3. Speckle-Tracking Echocardiography for Monitoring

Acute Cardiotoxicity. The potential utility of STE during cancer
treatment in children to detect acute cardiotoxicity has been explored
in different studies, all including a relatively small number of patients.
The acute effect of anthracycline infusions on myocardial function re-
sulted in increased myocardial wall thickness and decreased radial
and longitudinal strain values.67 Several studies have investigated
strain indices before and during the first year of cancer therapy in chil-
dren showing a decrease in GLS when serially followed over time,
although with most values remaining within the normal range.67-69

The predictive value of an early decrease in GLS, in the presence of
preserved EF during treatment and in long-term survivors, is uncertain
and is in need of prospective longitudinal studies. The concomitant
monitoring of GLS and EF as parameters for global LV function, how-
ever, allows detection of early changes in LV function. When GLS be-
comes abnormal in the presence of preserved EF, more frequent
surveillance may be recommended. Due to the lack of evidence of
the prognostic significance, EF remains the clinical reference param-
eter for the diagnosis of abnormal LV function in pediatric cancer pa-
tients. More data are needed before declines in strain can be used in
therapeutic decisions during cancer treatment in children.

1.1.3.4. Speckle-Tracking Echocardiography forMonitoring Late

Cardiotoxicity in Children. Most studies utilizing end-of-treatment
myocardial deformation imaging in childhood cancer survivors are
cross-sectional andhave limitedoutcomedata.Myocardial strainwas as-
sessed with a variety of techniques, including tissue Doppler-derived
strain calculations as well as 2D and 3D STE measurements. Most
studies found statistically significantly lower longitudinal strain in child-
hood cancer survivors compared to healthy controls. However, the dif-
ferences were small and often within the normal range.70 The
prognostic value of these relatively lower values is still unknown. The
St. Jude Lifetime Cohort Study includes adult survivors of childhood
cancer.71 This study also suggested thatmeasuringGLS canhelp to iden-
tify patientswith subclinical cardiac dysfunction, but its prognostic value
also remainsuncertain inadult survivorsof childhoodcancer.We recom-
mendaddingGLSas anadditionalmeasurement to followchildrenafter
cancer treatment. If GLS becomes abnormal in the presence of pre-
served EF, an earlier follow-up within 6 months may be indicated, but
the utility requires further validation in prospective studies.

Recommendations and Key Points
� Measurement of GLS by STE is a reproducible measurement of LV func-

tion that should be included in the assessment of LV function.
� Given intervendor variability, the use of either a single-vendor or a vendor-

neutral strain analysis software is recommended for serial follow-up.

� Values of GLS equal to or more negative than �18% are considered

normal, of �16% to �17% are considered borderline normal, and less

negative than �16% are considered abnormal. The predictive value of

an early decrease in GLS during treatment and in long-term survivors is

uncertain in the presence of preserved EF.

� If LVEF is >55% but GLS is > –18%, more frequent follow-up could be

considered.
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1.1.4. Assessing LV Diastolic Function. In adults, echocardio-

graphic measurements of diastolic function are essential in assessing
LV function.72 Diastolic dysfunction is highly prevalent in women be-
ing treated for breast cancer, and it precedes the development of sys-
tolic dysfunction.73 Also, in children, changes in diastolic function
after anthracycline treatment can be present, although isolated dia-
stolic failure with preserved EF is extremely rare.

Diastolic function is assessed based on a combination of variables,
including mitral inflow flow patterns, mitral annular tissue Doppler
velocities, left atrial (LA) volume, and peak tricuspid regurgitation ve-
locity.72 Additional techniques include pulmonary venous flow pat-
terns and, more recently, LA strain measurements.74

Adult guidelines on assessing diastolic function distinguish between
an algorithm for patients with preserved EF to determine whether dia-
stolic function is normal or abnormal and an algorithm for patients with
decreased EF to assess LV filling pressures.72 In children after chemo-
therapy with preserved systolic function, detecting diastolic abnormal-
ities is important because they are possibly the first sign of cardiac
dysfunction, enabling identification of isolated diastolic dysfunction
with preserved EF. For children with reduced EF, estimating filling pres-
sures may be useful for clinical management and outcomes.

Unfortunately, the echocardiographic assessment of diastolic
function has been shown to be unreliable in children with cardiomy-
opathies.75 Different factors contribute to this problem. Mitral
inflow and tissue Doppler velocities are influenced by age, body
size, and heart rate.76,77 Pulsed-wave Doppler inflow velocities are
especially sensitive to loading conditions and heart rate.
Tachycardia is common during cancer therapy and can confound
interpretation of Doppler measures of diastolic function, especially
when it results in fusion of mitral E and A waves. The E/A ratio is
influenced by heart rate, as with increasing heart rate the velocity
of the A wave increases relative to the E wave, resulting in a
decreased E/A ratio.78,79 Adult guidelines should be applied to chil-
dren with caution as the myocardial substrate in adults exposed to
chemotherapy differs from that in children, as age-related diastolic
abnormalities (e.g., early relaxation abnormalities) and associated
diseases (e.g., ischemic heart disease, hypertension, diabetes,
obesity) are more prevalent in adults. Finally, the typical progression
from normal to delayed early relaxation to restrictive physiology has
not been well documented in children.80

The above factors explain why data on diastolic dysfunction in chil-
dren exposed to anthracyclines are contradictory, with some studies
reporting overall preserved diastolic function and others reporting
changes in diastolic parameters in childhood cancer survivors. The
St. Jude Lifetime Cohort Study identified diastolic dysfunction in
8.7% of adult childhood cancer survivors who had received anthracy-
clines.71 In children, diastolic dysfunction is not well defined and this
makes it difficult to provide data on how frequently diastolic dysfunc-
tion occurs during or after cancer treatment. In children followed after
treatment, it was observed that the mitral E/A ratio was significantly
lower in patients who developed cardiomyopathy compared to
matched controls who did not develop cardiomyopathy.81 In a
long-term follow-up of survivors of childhood cancer treated with an-
thracyclines, some developed a restrictive-type cardiomyopathy char-
acterized by a normal-to-small LV chamber with wall thinning and
decreased systolic function.29 These data suggest that serial assess-
ment of some diastolic parameters could have predictive value, but
larger prospective studies are needed to identify which parameters
are the most clinically relevant.
Given the variability of Doppler measurements in children, LA
volume assumes greater importance in the assessment of LV dia-
stolic function in children treated with anthracyclines. In contrast
to other diastolic measurements, LA volume remains relatively sta-
ble during growth when corrected for body surface area.82 When as-
sessed by the biplane method, a normal LA volume is < 34 mL/
m2.83 Especially in younger children, there may be technical limita-
tions such as foreshortening, particularly in the 2-chamber view,
which can result in underestimation of LA volume. Three-
dimensional echocardiography can potentially overcome this limita-
tion, and normal pediatric LA volumes and Z scores have been pub-
lished.84 An increase in LA volume index may reflect a chronic
increase in LV filling pressures and can reflect underlying LV diastolic
dysfunction.

Left atrial function can be assessed using STE to describe LA defor-
mation through the different phases of LA filling and emptying. Left
atrial strain assessment is an emerging technique that is used to iden-
tify changes in LV diastolic function.74 A European Association of
Cardiovascular Imaging/American Society of Echocardiography
(ASE)/Industry Task Force recommended a standardized nomencla-
ture for describing the 4 atrial phases during the cardiac cycle.85

Phase 1 begins with LV end diastole, where the atrium is at a mini-
mum volume (LAVmin). Phase 2 starts when themitral valve is closed
and the left atrium (LA) fills through the pulmonary veins to reach a
maximum volume at end systole. This is measured as LA reservoir
strain and is a positive number. In phase 3, as the mitral valve opens,
the atrium functions as a conduit during early ventricular filling, as the
strain curve declines and flattens into diastasis. The conduit strain
ends with the onset of the P wave. Phase 4 is associated with atrial
contraction and is called LA contractile strain, which is a negative
value. Normal values from cross-sectional studies that describe matu-
rational changes in these measures have been published.84,86 Normal
reference values for 3D echocardiographic LAvolumes and LA strain
have also been published.84

This ability to discriminate among the phases of LA function raises
the prospect of evaluating children with cardiomyopathy with strain
measures of LA function. In an STE analysis of LA strain in 136 chil-
dren with a variety of cardiomyopathies, peak LA reservoir strain
was lower than in healthy controls.87 Left ventricular end-diastolic
pressure measured through a catheter was significantly and inversely
correlated with LA peak systolic strain in a cross-sectional study of
45 children treated with anthracyclines 1 year after chemo-
therapy.88 In these survivors, the conventional measurements of dia-
stolic function and LV GLS did not differ significantly from healthy
controls.

Recommendations and Key Points
� Despite their limitations, assessment of LV diastolic parameters should be

considered an essential part of LV functional assessment.
� We recommend serial assessment of mitral inflow velocities, tissue

Doppler velocities at the septal and lateral mitral annulus, LA volume

by the biplane method, and peak tricuspid regurgitation velocity.

� Serial assessment of these parameters can help to identify development of

diastolic abnormalities. Diastolic dysfunction remains poorly defined in

children, as no specific guidelines have been developed.

� Left atrial volume assessment is a more stable parameter of LV diastolic

function in children. Progressive LA dilatation without obvious explana-

tion could indicate increased LV stiffness and LV filling pressures.

� Left atrial strain is a promising measure of LA function that requires

further validation in children exposed to cancer treatment.
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1.2. Assessing RV Function
The effects of cancer therapy on theRVare lesswell studied than those
on the LV. Several factors could affect RV function, including
treatment-related pulmonary hypertension and direct cardiotoxic ef-
fects of chemotherapy on the RV. Assessment of RV pressure is an
essential part of every echocardiographic study to assess the presence
of pulmonary arterial hypertension. This is based on tricuspid regurgi-
tation jet, pulmonary insufficiency jet, and assessment of septal flat-
tening in systole. In adults treated for cancer, several studies have
found changes in RV functional parameters, sometimes in the absence
of LV dysfunction.89-91 Data about RV function in children early after
cancer therapy are limited, with some studies demonstrating
statistically significant differences between patients and healthy
controls.92,93 Right ventricular (RV) enlargement and reduced RV sys-
tolic function have also been detected by CMR in childhood cancer
survivors.94 Overall, data on the effects of anthracycline therapy on
the RVare scant and the clinical importance of RV dysfunction still re-
mains unclear. The increasing literature on the impact of anthracycline
treatment on RV function indicates the need for including RV func-
tional assessment in a comprehensive functional follow-up protocol.
In caseRVdysfunction is suspected, aCMRcouldbeperformed tobet-
ter characterize RV size and function.

Guidelines for evaluating adult cancer patients recommend qualita-
tive and quantitative assessments of RV chamber size (at least RV basal
diameter) and right atrium (RA) area, as well as measures of RV longi-
tudinal function, such as tricuspid annular plane systolic excursion
(TAPSE), tricuspid annular s’ velocity, and fractional area change
(FAC).1 For RV size assessment, we recommend at least a qualitative
assessment and an RV size measurement, such as RV basal diameter.
For functional assessment, at least RV systolic function should be qual-
itatively assessed. If RV function quantification is performed, RV FAC is
useful in children. Given the age and heart rate dependency of tissue
Doppler velocities, they have a more limited clinical utility. Tricuspid
annular plane systolic excursion can be used, but normal values are
also age and body size dependent. Recent studies have included 2D
or 3D echocardiographic STE measurements of RV free-wall longitudi-
nal strain, but this needs further validation.95

Recommendations and Key Points
� Comprehensive echocardiographic surveillance of pediatric cancer pa-

tients should include serial assessment of RV size, RV function, and RV
systolic pressure.

� Assessment of RV size should include qualitative assessment of RV size

and at least 1 measurement such as RV basal diameter.

� Quantification of RV function in children includes FAC and TAPSE.

� Right ventricular free-wall strain and 3D echocardiographic measure-

ments of RV EF are emerging techniques for evaluating RV systolic func-

tion, but their utility in monitoring cardiac effects of cancer treatment

requires further validation.

1.3. Role of Stress Echocardiography

Stress echocardiography allows assessment of contractile reserve in
nonischemic cardiomyopathy, with an abnormally low reserve helping
to identify subclinical systolic dysfunction. In adults, both exercise and
dobutamine stress echocardiography have been used extensively to
measure contractile reserve.96,97 Echocardiographic imaging of LV sys-
tolic function during cardiac stress allows both qualitative and quanti-
tative assessment of LV contractile reserve. In asymptomatic patients
with normal LVEF, it could theoretically identify reduced systolic
reserve, which is a marker of early dysfunction. Pediatric stress echocar-
diography is evolving.98-102 Most of these studies used exercise stress
echocardiography to ease performance and improve tolerability for
the child. Only a few studies used dobutamine echocardiography
because, unlike adults, younger children typically require sedation or
general anesthesia. The most common echocardiographic findings at
rest were that EF, FS, and percentage of LV posterior wall thickening
were lower and LV wall stress was higher in survivors compared to
healthy controls. At peak stress, FS, EF, percentage of LV, and
posterior wall thickening were lower in survivors than in healthy
controls. While the observed peak values are different between
patients and controls, cutoff values for identifying an abnormal
response have not been published. It was also observed that
myocardial functional response did not differ between survivors and
healthy controls when correcting for heart rate during exercise.98

There is also no evidence that stress echocardiography predicts systolic
dysfunction.103 Based on these data, there is no proven additional util-
ity of stress echocardiography for monitoring anthracycline cardiotox-
icity within 10 to 20 years after the end of therapy.

Recommendations and Key Points
� The clinical utility of stress echocardiography for monitoring childhood

cancer survivors has not been defined. Currently there is no clinical indi-
cation to monitor function in pediatric cancer patients based on stress

echocardiography.
1.4. Quality Assessment and Quality Improvement

Better reproducibility of echocardiographic measurements through
quality improvement processes should be an integral part of pediatric
echocardiography laboratory operations. Every laboratory should a
have a quality improvement plan to improve consistency in acquiring
and interpreting oncology-specific echocardiograms and measure-
ments in children. Every laboratory should also have a process for eval-
uating and addressing variability among its operators. This process
should include cross-modality comparisonswhen available and blinded
interpretations by a second echocardiographer to assess reproduc-
ibility.104 The availability of a specific cardio-oncology imaging protocol
can improve the quality and completeness of image acquisition and
analysis.105 Given that measurements by 2D and M-mode echocardi-
ography and the various volumetric algorithms are not interchangeable,
measurements should be standardized across operators and reporting
staff.19 The report should indicate the method used to compute EF.
Similarities and disparities in image acquisition and interpretation
should be discussed in quality improvement laboratory staff meetings.
Formalized teaching sessions can reduce interobserver variability.106

These educational sessions can include reviewing guidelines, demon-
strating preferred measurement techniques and visual prompts and
providing continued feedback.107 Cycles of testing, training, and retest-
ing can reduce variability. Every pediatric laboratory should consider
the Intersocietal Accreditation Commission standards and obtain
accreditation through the Intersocietal Accreditation Commission or
a body with a similar formal quality improvement program.
PART 2. USE OF CMR IN EVALUATING CHILDREN WITH

CANCER

The current role of CMR in the assessment of children with cancer is
not well defined. Cardiac magnetic resonance imaging offers some
advantages to echocardiography as it allows for measurement of
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ventricular volumes and global and regional function with low vari-
ability and generally high interstudy reproducibility.1,108

Additionally, tissue characterization by T1- and T2-weighted imaging
and late gadolinium enhancement (LGE) can identify myocardial
fibrosis, edema, and inflammation. The limitations for its use in chil-
dren include that CMR is not always readily available, requires gen-
eral anesthesia or sedation in younger children, and is more
resource intensive, which limits its utility in routine follow-up. For se-
rial follow-up, echocardiography remains the primary imaging modal-
ity. Currently no data would support the routine or serial use of CMR
in the follow-up of childhood cancer patients.

Cardiac magnetic resonance imaging techniques to evaluate the
cardiac effects of cancer treatment are largely based on studies of
adult cancer patients.109 Currently, only limited data on the use of
CMR in childhood cancer patients are available.

Nevertheless, there are indications for when performing a CMR in
pediatric cancer patients may be considered. These include (1) when
echocardiographic imaging windows are limited and do not allow reli-
able functional assessment; (2) when borderline or abnormal cardiac
dysfunction is detected by echocardiography, defined as EF between
50% and 55% or below 50% as an alternative method to confirm the
echocardiographic finding; (3)whenmyocarditis is suspected and tissue
characterization could help with identifying myocardial edema; (4)
when constrictive pericarditis is suspected; or (5) when the cancer is
involving the heart. Specific CMR protocols based on Society of
Cardiac Magnetic Resonance Imaging guidelines should be utilized
for these indicationswithquality assuranceand standardizationof acqui-
sitions and measurements as part of the CMR protocol development.
2.1. Assessment of Ventricular Mass, Volumes, and Global
Systolic Function

Every CMR protocol should include assessment of LV and RV vol-
umes, LVEF and RV EF, and LV mass. Measurement of LV and RV
size and function will often be the primary indication for performing
a CMR study in children. Similar to echocardiographic findings,
CMR studies in adults cancer patients have demonstrated that early
cardiac injury is characterized by a progressive decline in global and
regional myocardial function with a gradual increase in LV end-
systolic volume during the first year after chemotherapy.110-112

Furthermore, an early decrease in LV mass after anthracycline
exposure is associated with HF symptoms, independent of the
decline in EF.113 Late cardiac injury results in increased LV and RV
end-systolic and end-diastolic volumes, decreased EF, and reduced
ventricular mass. In adults with reduced EF, the relationship be-
tween anthracycline dose and LV mass index as measured by
CMR is inverse, and a reduced LV mass <57 g/m2 is strongly asso-
ciated with adverse cardiovascular events.114

Data on usingCMR formeasuring RV function in childhood cancer
survivors are sparse; one study describes 17 (27%) of 62 such patients
exposed to anthracyclines as having abnormal RV function, with an EF
< 45%.92 However, outcome data for patients with decreased RV
function are not available, and much of the functional CMR data are
only in adults and should not be directly extrapolated to children
without further evidence. Furthermore, general anesthesia, which is
rarely used in adults, can have a deleterious effect on EF measure-
ments. While CMR is more accurate and reproducible than echocar-
diography for biventricular volumes, EF, and LV mass, the
aforementioned limitations preclude routine use for serial measure-
ments; however, if CMR is being used for a select population, it is rec-
ommended to measure biventricular size, biventricular function, and
LV mass as all of these measurements can be derived from the same
acquisition and have shown value in the limited literature to date.
2.2. Measuring Global and Regional Myocardial Function
With CMR-Based Myocardial Deformation Imaging

Cardiac magnetic resonance imaging can also be used for measuring
myocardial segmental strain similar to echocardiographic strain mea-
surements. Different CMR techniques have been used to measure
myocardial deformation and include techniques that require specific
predefined sequence acquisitions or can be based on routinely ac-
quired cine images. Myocardial tagging is the most validated tech-
nique for assessing myocardial deformation.115 It involves the
planned acquisition of magnetically labeled (tagged) cine sequences
with subsequent postprocessing to measure deformation of the
tagged lines. Strain-encoded MRI can measure regional deformation
and has been found to be useful in the assessment of subclinical
myocardial dysfunction in adult cancer patients.116,117 Strain-
encoded MRI utilizes images from the 2-, 3- and 4-chamber views
to calculate circumferential strain and 3 short-axis slices (basal, mid-
ventricular, and apical) to measure longitudinal strain.118 Feature
tracking uses readily available standard steady-state free precession
cine images. The principle of feature tracking is based on optical
flow technology and the ability to identify and track features at the
blood-myocardium interface through a sequence of images.119

Longitudinal strain is calculated from long-axis images, and circumfer-
ential and radial strain from short-axis images.

Studies have found that measurements of GLS obtained by CMR-
based feature-tracking techniques correlate well with STE-based mea-
surements and EF.120,121 Glocal circumferential strain measured by
CMR has better reproducibility than that measured by STE.120,121

Similar to STE, global peak longitudinal and circumferential strain
magnitude, as measured by CMR-tagged imaging, decrease early,
before changes in EF. A decrease in GLS and GCS has been described
in childhood cancer survivors early and late after cancer ther-
apy.110,111,122-125 The lack of uniformity in measuring CMR-based
myocardial deformation, the absence of larger studies comparing
the different techniques, and the lack of standard values among ven-
dors have limited its wide use in cardio-oncology. Speckle-tracking
echocardiography has been better validated for serial follow-up of
cancer patients when compared to CMR-based myocardial deforma-
tion imaging. The main utility of CMR-based strain at this time is in
patients with limited echocardiographic windows.

2.3. Left Ventricular Diastolic Function

The clinical use of CMR for assessing LV diastolic function is limited
compared to that of echocardiography. Some of the same indices typi-
cally obtained by echocardiography can also be measured with CMR,
but similar to the echocardiographic-based diastolic parameters, their
interpretation in children is problematic. Phase-contrast CMR pro-
vides analogs of spectral Doppler measures, including mitral valve
and pulmonary vein inflow tracings, typically averaged overmany car-
diac cycles. Phase-contrast CMR can also provide an analog of tissue
Doppler imaging using a technique called tissue-phase mapping to
measure regional myocardial velocity.126 Cine steady-state free pre-
cession canmeasure LA size by geometricmethods or by obtaining im-
ages of the entire LA and using a summation-of-disks method.127 The
high reproducibility of LA and RA volume measurements can be
consideredapotential advantage ofCMR.A fewstudies have reported
usingCMR for assessing LVdiastolic function in survivors of childhood
cancers or in children undergoing chemotherapy. One study found
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that an increase in LAvolume correlated with total anthracycline dose
in children with a mixed group of solid tumors, leukemia, and lym-
phoma; another found that the E/e’ ratio in young adult survivors of
childhood cancer receiving stem cell transplants was higher than that
of healthy controls without providing outcome data.124,128
2.4. Cardiac Magnetic Resonance Imaging–Based Tissue
Characterization

Tissue characterization based on T1 and T2 mapping could be used
for detection of diffuse myocardial fibrosis, which is associated with
the pathological remodeling of anthracycline cardiotoxicity.129 Both
early and late diffuse myocardial fibrosis, as detected by T1 mapping
based on increased extracellular volume, have been reported after
exposure to high doses of anthracyclines.125,130-132 Extracellular
volume (ECV) has been reported in children to be inversely
correlated with exercise capacity and also correlated with
anthracycline dose.133 These data suggest that ECV may be poten-
tially clinically relevant but require further validation in larger studies.
T2mapping sequences allow for assessing the presence of myocardial
edema caused by inflammation, ischemia, and other pathological con-
ditions affecting myocardial water content.134 Studies show that
myocardial edema peaks subacutely early after anthracycline infusion
but does not persist in long-term survivors.135,136 Cardiac magnetic
resonance imaging provides strong evidence for acute myocardial
inflammation if a T1- (LGE or ECV) or T2-based sequence is
abnormal. Although having both a positive T1- and T2-based marker
increases specificity, clinically suspected myocarditis can be diag-
nosed if only 1 marker is positive.137 Tissue T2 relaxation (T2*) can
detect iron deposition in the liver andmyocardium, which can be pre-
sent after multiple blood transfusions and can cause myocardial
dysfunction.138Measurements of cardiac T2*may identify this further
insult to myocardial function in children who received multiple blood
transfusions.139 Longitudinal studies are needed to investigate the
prognostic utility of T1, T2, and T2* mapping techniques and ECV
in survivors of childhood cancer.

Gadolinium-based contrast agents shorten T1, thereby increasing
the signal in the blood pool and tissues that absorb gadolinium.
Delayed washout of the contrast medium from diseasedmyocardium
can be assessed by LGE and T1 mapping. Late gadolinium enhance-
ment is, however, an infrequent finding in patients after anthracycline
treatment both acutely as well as late after treatment, even in patients
with cardiomyopathy.94,125,140 After anthracycline and trastuzumab
adjuvant chemotherapy, LGE has been reported in some patients
with acute LV systolic dysfunction at 6 months follow-up, with the
subepicardial linear LGE pattern in these patients being characteristic
of myocarditis. The use of contrast agents has raised some concerns
and resulted in contrast being used only when thought necessary.
Acute adverse events after these agents are administered are rare
(0.07%), with most events characterized as mild. Hypersensitivity re-
actions occur in 4/100,000 patients.141 Nephrogenic systemic fibrosis
has been almost completely eliminated after gadolinium-based
contrast agent dose reductions and routine screening of patients to
identify renal disease.142,143 Gadolinium retention in tissue, including
bone and brain, is often asymptomatic.144 However, some patients
manifest symptoms secondary to possible immunologic reaction,
which is categorized as ‘‘gadolinium deposition disease.’’145 Our
recommendation is to only use contrast agents when indicated and,
if they are used, use the lowest possible dose in patients without evi-
dence of impaired kidney function.
2.5. Assessment of Pericardium and Valve Function

Pericardial disease may be a long-term consequence of mediastinal ra-
diation, although chronic constrictive pericarditis in children is now
rare, given the lower radiation doses and improved radiotherapy tech-
niques.9 Cardiac magnetic resonance imaging can be used for detect-
ing pericardial thickness when constrictive pericarditis is suspected.
Radiation may also cause valve damage and valve dysfunction. The
left-sided heart valves are disproportionately affected as a conse-
quence of mediastinal radiation therapy, suggesting that the higher
pressure in the systemic circulation is important in pathogen-
esis.146,147 While echocardiography remains the primary technique
for diagnosing valvular regurgitation and stenosis, CMR can quantify
valvular regurgitation and can be useful for assessing the impact of
valve dysfunction on chamber sizes and function.
� Cardiac magnetic resonance imaging is considered a valuable adjunct to

echocardiography (1) when echocardiographic imaging windows are
Recommendations and Key Points

limited and do not allow reliable functional assessment; (2) when border-

line cardiac dysfunction is detected by echocardiography, defined as EF

between 50% and 55%; (3) when myocarditis is suspected and tissue

characterization could help with identifying myocardial edema; (4)

when constrictive pericarditis is suspected; or (5) when tumor is

involving the heart.

� Every CMR assessment in a pediatric cancer patients must include assess-

ment of LV and RV volumes and EF as well as LV mass. Left atrial and RA

volumes can be included in the assessment.

� If CMR is performed on children with cancer during early or late follow-

up to assess LV volumes and function, it is reasonable to include myocar-

dial deformation imaging and tissue characterization (T1 and T2 map-

ping) to assess diffuse myocardial fibrosis, edema, and iron load (when

indicated). Our recommendation is to only use contrast agents when

indicated and, if they are used, at the lowest possible dose in patients

without evidence of impaired kidney function.

� Cardiacmagnetic resonance imaging can provide additional information

about valve function and pericardial disease, including pericardial effu-

sion, and thickening and inflammation of the pericardium if echocardi-

ography is not diagnostic.148

� Quality assurance and development of dedicated imaging protocols is

recommended to standardize image acquisition and analysis.
PART 3. USE OF CARDIAC CT IN EVALUATING CHILDREN

WITH CANCER

Cardiovascular CT (CCT) is not a first-line technique for cardiovascu-
lar imaging in children with cancer, given concerns about radiation
exposure. It can be used as a possible alternative modality for obtain-
ing ventricular volumetric and functional information should echocar-
diography and CMR not be suitable. Cardiovascular CT can provide
accurate and reproducible volume and EF measurements; it is a third-
line imagingmodality for this indication.149-151 Cardiovascular CT can
be considered for noninvasive evaluation of coronary anatomy in
case of symptoms of ischemia and is an alternative imaging
technique to assess for cardiac tumors, mediastinal tumors
contiguous to the heart, and pericardial thickness assessment in case
MRI is contraindicated or not feasible.

For adult survivors of childhood cancers with a history of radio-
therapy (RT)where theheart is in the treatment field,CCTmaybeuse-
ful. Surveillance for atherosclerotic disease in this population is
important, and lipid monitoring and ischemia evaluation with stress
tests may be insufficient to identify early asymptomatic atherosclerosis
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related to RT.152 The coronary artery calcium (CAC) score is a robust
imaging biomarker that can predict the 10-year risk of cardiovascular
events in patients without cancer.153 Gated, noncontrast CT with a
small field of view focused on the heart can measure CAC deposi-
tion.154While coronary CT is used to identify coronary artery obstruc-
tions, it has higher radiation doses than a CAC scan and requires
iodine-based contrast agent administration.155 In patients who
received high-risk RT above 18 years of life, surveillance CAC scans
could be considered every 5 to 10 years, while coronary CT scans
should be reserved for the same patient group with abnormal CAC
or when they develop cardiac symptoms.156 This strategy could iden-
tify atherosclerotic disease earlier than other noninvasive techniques.

Recommendations and Key Points
� When echo and CMR are not adequate or feasible, CCT can be used to

assess cardiac volumes and EF.
� Other possible indications include cardiac tumors, mediastinal tumors

close to the heart, and pericardial thickness as an alternative modality

for CMR.

� In asymptomatic adult survivors who have been exposed to high-risk ra-

diation, surveillance for atherosclerotic coronary artery disease with CAC

scans at 5- to 10-year intervals after RT can be considered.

� Coronary CT angiography is appropriate in symptomatic survivors older

than 18 years with a history of RT to assess for RT-related atherosclerotic

cardiovascular disease.
The multimodality approach has been summarized in Figure 3.
PART 4. KNOWLEDGE GAPS AND OPPORTUNITIES OR

FUTURE RESEARCH

Important knowledge gaps were identified when developing the cur-
rent recommendations.

1. One of the main limitations for the use of imaging markers in decision-
making during cancer treatment is the lack of data on their prognostic value.
While fluctuations in cardiac function are common in patients undergoing
cancer treatments, the current recommendations for what is considered a
clinically relevant change in EF and GLS are mainly based on expert
consensus without strong data regarding their clinical prognostic value.
Even a reduction below normal values during treatment may be temporary.
Recommendations for changes in cancer treatment based on imaging find-
ings alone should therefore be made cautiously and require a multidisci-
plinary approach, carefully weighing risks and benefits. Further
longitudinal data are needed to understand how imaging findings should
be used to guide cancer treatment decisions. Additionally, there are very
few data informing how imaging data could be used for decision-making
regarding initiation of cardioprotective drugs and early cardiac treatment.

2. For long-term survivors, echocardiographic values of EF and strain are often
reported to be lower than in healthy controls but remain in the normal
range for the majority of children. Further longitudinal data, requiring
follow-up through adult life, are needed to demonstrate whether these dif-
ferences have prognostic significance.

3. Current recommendations on the frequency of repeat imaging studies in
this population are primarily based on limited prognostic data and expert
consensus, mainly taking cancer treatment history into consideration.
More research is required on how these follow-up recommendations
need to be individualized, taking into consideration overall individual car-
diovascular risk profiling. A personalized risk and preventative strategy
for individual patients should be developed based on generating more in-
formation on the long-term outcomes of these patient cohorts.

4. Individualized risk profiling will require integration of imaging information
with clinical information, as well as biochemical and genetic markers. These
models are currently being developed, but given the relatively low inci-
dence of clinical events during childhood, long-term follow-up data will
be needed to fully inform these models.

Current available data informing cardiotoxicity surveillance in child-
hood cancer patients and survivors are largely based on anthracycline-
treated children. Furthermore, long-term outcome data are currently
based on survivors treated under older pediatric oncology treatment
protocols and don’t account for more recent adaptations to anthracy-
cline and radiotherapy dose limitations or cardioprotective therapies.
With the development of novel cancer therapies andmodern anthracy-
cline dosing strategies, more recently treated cohorts may demonstrate
different long-term cardiovascular prognosis.
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