7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Echocardiography protocol for early detection of cardiac dysfunction in childhood cancer
survivors in the multicenter DCCSS LATER 2 CARD study

Dutch LATER Study Grp; Merkx, Remy; Leerink, Jan M.; Feijen, Elisabeth (Lieke) A. M.;
Kremer, Leontien C. M.; de Baat, Esmee C.; Bellersen, Louise; van Dalen, Elvira C.; van
Dulmen-den Broeder, Eline; van der Heiden-van der Loo, Margriet

Published in:
Echocardiography-A journal of cardiovascular ultrasound and allied techniques

DOI:
10.1111/echo.15081

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Dutch LATER Study Grp, Merkx, R., Leerink, J. M., Feijen, E. L. A. M., Kremer, L. C. M., de Baat, E. C.,
Bellersen, L., van Dalen, E. C., van Dulmen-den Broeder, E., van der Heiden-van der Loo, M., van den
Heuvel-Eibrink, M. M., Korte, C. L. D., Loonen, J., Louwerens, M., Maas, A. H. E. M., Pinto, Y. M.,
Ronckers, C. M., Teske, A. J., Tissing, W. J. E., ... Kapusta, L. (2021). Echocardiography protocol for early
detection of cardiac dysfunction in childhood cancer survivors in the multicenter DCCSS LATER 2 CARD
study: Design, feasibility, and reproducibility. Echocardiography-A journal of cardiovascular ultrasound and
allied techniques, 38(6), 951-963. https://doi.org/10.1111/echo.15081

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1111/echo.15081
https://research.rug.nl/en/publications/3f551831-d4d4-4df4-98a1-7798fc02cfc6
https://doi.org/10.1111/echo.15081

'.) Check for updates

Received: 15 February 2021 Revised: 12 April 2021 Accepted: 27 April 2021

DOI: 10.1111/echo.15081

Echocardiography WAL =A%

Echocardiography protocol for early detection of cardiac
dysfunction in childhood cancer survivors in the multicenter
DCCSS LATER 2 CARD study: Design, feasibility, and

reproducibility

Remy Merkx MD!? | Jan M. Leerink MD? | Elisabeth (Lieke) A.M. Feijen PhD® |
Leontien C.M. Kremer MD, PhD® | Esmée C.de Baat MD® | Louise Bellersen MD* |

Elvira C. van Dalen MD, PhD? | Eline van Dulmen-den Broeder MD, PhD’ |

Margriet van der Heiden-van der Loo PhD® | Marry M. van den Heuvel-Eibrink MD, PhD® |
Chris L. de Korte PhD! | Jacqueline Loonen MD, PhD’ | Marloes Louwerens MD® |
Angela H.E.M. Maas MD, PhD* | Yigal M. Pinto MD, PhD? | Cécile M. Ronckers PhD® |
Arco J. Teske MD, PhD’? | Wim J.E. Tissing MD, PhD>'° | Andrica C.H. de Vries MD, PhD® |
Annelies M.C. Mavinkurve-Groothuis MD, PhD® | Helena J.H. van der Pal MD, PhD? |

Gert Weijers PhD! | Wouter E.M. Kok MD, PhD? | Livia Kapusta MD, PhD%1? |

The Dutch LATER Study Group

!Department of Medical Imaging/Radiology, Medical UltraSound Imaging Centre, Radboud university medical center, Nijmegen, The Netherlands
’Department of Clinical and Experimental Cardiology, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands

3Princess Maxima Center for Pediatric Oncology, Utrecht, The Netherlands

“Department of Cardiology, Radboud university medical center, Nijmegen, The Netherlands

SDepartment of Pediatric Oncology, Amsterdam UMC, VU University, Amsterdam, The Netherlands

%Trial- and Data Center, Princess Maxima Center for Pediatric Oncology, Utrecht, The Netherlands

’Department of Hematology, Radboud university medical center, Nijmegen, The Netherlands

8Department of Internal Medicine, Leiden University Medical Center, Leiden, The Netherlands

9Department of Cardiology, University Medical Center Utrecht, Utrecht, The Netherlands

%Department of Pediatric Oncology, Beatrix Children's Hospital, University Medical Center Groningen, Groningen, The Netherlands
Department of Pediatrics, Pediatric Cardiology Unit, Tel Aviv Sourasky Medical Center, Sackler School of Medicine, Tel Aviv University, Tel Aviv, Israel

2Department of Pediatric Cardiology, Amalia Children’s Hospital, Radboud University Medical Center, Nijmegen, The Netherlands

Correspondence
Remy Merkx MD, Radboudumc (Dpt. of Abstract
Medical Imaging; post 766), P.O. Box 9101, Background: Cardiotoxicity is a well-known side effect after anthracyclines and

6500 HB Nijmegen, The Netherlands.
Email: Remy.Merkx@radboudumc.nl

chest radiotherapy in childhood cancer survivors (CCS). The DCCSS LATER 2 CARD
(cardiology) study includes evaluation of echocardiographic measurements for early

Wouter EM Kok and Livia Kapusta contributed equally

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2021 The Authors. Echocardiography published by Wiley Periodicals LLC

Echocardiography. 2021;38:951-963. wileyonlinelibrary.com/journal/echo 951


www.wileyonlinelibrary.com/journal/echo
mailto:﻿
https://orcid.org/0000-0002-9853-7257
http://creativecommons.org/licenses/by/4.0/
mailto:Remy.Merkx@radboudumc.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fecho.15081&domain=pdf&date_stamp=2021-05-20

EI—Wl [BSA%e Echocardiography

Funding information

Dutch Heart Foundation Grant
CVON2015-21; Kika/ODAS Grant 171
‘DCOG LATER program’.

MERKX ET AL

identification of CCS at highest risk of developing heart failure. This paper describes
the design, feasibility, and reproducibility of the echocardiography protocol.
Methods: Echocardiograms from CCS and sibling controls were prospectively ob-
tained at the participating centers and centrally analyzed. We describe the image
acquisition, measurement protocol, and software-specific considerations for myocar-
dial strain analyses. We report the feasibility of the primary outcomes of systolic and
diastolic function, as well as reproducibility analyses in 30 subjects.

Results: We obtained 1,679 echocardiograms. Biplane ejection fraction (LVEF) meas-
urement was feasible in 91% and 96% of CCS and siblings, respectively, global longi-
tudinal strain (GLS) in 80% and 91%, global circumferential strain (GCS) in 86% and
89%, and 22 diastolic function parameters in 99% and 100%, right ventricle free wall
strain (RVFWS) in 57% and 65%, and left atrial reservoir strain (LASr) in 72% and 79%.
Intra-class correlation coefficients for inter-observer variability were 0.85 for LVEF,
0.76 for GLS, 0.70 for GCS, 0.89 for RVFWS and 0.89 for LASr. Intra-class correlation
coefficients for intra-observer variability were 0.87 for LVEF, 0.82 for GLS, 0.82 for
GCS, 0.85 for RVFWS and 0.79 for LASr.

Conclusion: The DCCSS LATER 2 CARD study includes a protocolized echocardio-
gram, with feasible and reproducible primary outcome measurements. This ensures

high-quality outcome data for prevalence estimates and for reliable comparison of

KEYWORDS

1 | INTRODUCTION

Treatment of childhood cancer has drastically improved over the
last decades, resulting in a 5-year survival of over 80%, nowadays.’
However, as the population of long-term childhood cancer survivors
(CCS) increases, awareness has risen concerning their risk of various
late treatment effects.? Cardiotoxicity is a well-known side effect
of anthracyclines and radiotherapy involving the heart region and
is responsible for substantial morbidity and mortality, even decades
after therapy.>* Besides coronary artery disease, valvular disease,
pericardial disease, and arrhythmias,” the most important manifes-
tation of cardiotoxicity is cardiomyopathy, which can range from
asymptomatic left ventricular dysfunction to overt or even fatal
clinical heart failure. Surveillance guidelines recommend periodical
echocardiographic examination for early detection of left ventricular
dysfunction, with surveillance intervals based on cardiotoxic ther-
apy exposures.®

More detailed risk stratification through sensitive detection
tools may enable late-effects clinicians to better prevent clinical
heart failure in case of increased risk, or reduce surveillance burden
in case of low risk. The most frequently reported systolic function
parameter, left ventricular (LV) ejection fraction (LVEF), is consid-
ered the standard echocardiographic measure of LV dysfunction but
is a rather late marker compared with measurements of myocardial

strain.”® Compared with magnetic resonance or nuclear imaging,

cardiac function parameters.

2D echocardiography, cardiac toxicity, diastolic function, myocardial strain, systolic function

echocardiographic LVEF comes with some disadvantage of a test-
retest variability of 5%-10%-points in expert echo-laboratories, de-
pending on a biplane or 3D approach used.”! In the last decade,
effort has been put into refinement of risk estimation for the devel-
opment of heart failure after cancer therapies, with little success for
blood biomarkers but with a better outlook for more sensitive, early
echocardiographic parameters.'?* In other populations with (risk of)
cardiovascular disease, global longitudinal strain (GLS) shows very
promising results for earlier identification of those at risk for heart
failure and death.”® In CCS, abnormal GLS is highly prevalent,*?¢
but its prognostic value has yet to be shown. Myocardial strain mea-
surement has not been widely adopted in clinic, possibly hampered by
the different algorithms used by different software vendors, which
can be partly resolved by the use of vendor-independent software.””

The Dutch Childhood Cancer Survivor Study (DCCSS) LATER
cohort (1963-2001) part 2; clinical visit and questionnaire study
provides a unique opportunity to investigate cardiotoxicity, next
to various late effects in a large sample of very long-term survivors
(DCCSS LATER 2 CARD study). This substudy includes solitary and
combined analyses of echocardiography, electrocardiograms, and
blood biomarkers.'® The echocardiographic measurements serve as
primary study outcome and as reference for the biomarker and ECG
studies. Specific aims of the echocardiography study are to evalu-
ate the prevalence and associated (treatment and lifestyle related)

risk factors of subclinical cardiac dysfunction in CCS compared with
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sibling controls, and with identify more sensitive echocardiographic
markers of subclinical cardiac dysfunction.

As myocardial strain analysis is very comprehensive and results
are influenced by the software and definitions used, it is of key im-
portance to describe the methods in detail. Furthermore, the feasi-
bility of (strain) measurements should be described, as they depend
on image quality. Last, the measurements should be reproducible
in research and clinical follow-up. The overall design of the DCCSS
LATER 2 CARD study has recently been published.*® Here, we de-
scribe the image acquisition, the protocol for offline conventional
and strain measurements, as well as their feasibility and reproduc-
ibility, as part of the multicenter echocardiography study in the
DCCSS LATER 2 CARD cohort.

2 | METHODS
2.1 | Patient population

The cross-sectional DCCSS LATER study part 2 investigates late
treatment effects in a nationwide cohort of 5-year CCS, treated
under the age of 18 years between 01-01-1963 and 31-12-2001.%8
This baseline cohort comprises 6,165 CCS, of which 5,455 were
alive at study inception. From this cohort, the DCCSS LATER 2
CARD study aimed to include 1,900 CCS for cardiac evaluation
with echocardiography, electrocardiography, and blood bio-
markers. Of these, 1,600 CCS were defined as risk group 1, who
received well-known cardiotoxic therapy (anthracyclines, mitox-
antrone, radiotherapy on the heart region, solitary, or combined).®
Risk groups 2, 3, and 4 were study groups of at most 100 subjects
each, having received either cyclophosphamide, ifosfamide, or
vincristine, respectively, without any other studied treatment. A
control group of untreated siblings was recruited to account for
background cardiovascular risk. Subjects were recruited from 7
Dutch pediatric oncology centers, between February, 2016 and
February, 2020. For risk group 1, a protocolled echocardiogra-
phy was part of standard surveillance,® whereas for the other risk
groups and sibling controls, all diagnostics were obtained for re-
search. For participants from risk group 1 who did not have an
indication for a new surveillance echocardiogram during the study
period (surveillance echocardiography was recently performed, or
the participant was already under the care of a cardiologist), we
obtained their most recent echocardiogram if performed no ear-
lier than January 1, 2016. All participants gave their informed con-
sent for the use of study, and clinical data and the medical ethic

boards of all participating centers approved the study protocol.

2.2 | Echocardiography

Pediatric and adult cardiologists developed the echocardiography
protocol, in collaboration with the DCCSS LATER 2 CARD steering
committee and the Dutch childhood cancer cardiac consortium.

Echocardiography g%l LEYM

2.2.1 | Image acquisition

Experienced sonographers acquired images on the locally available
Philips (8%) or GE (92%) stations. Table 1 summarizes the requested
images. From approximately halfway the inclusion period, we also
included the right ventricle (RV) focused apical four-chamber view in
our protocol. For all images, three heart cycles were recorded, with
these exceptions: five cycles for patients in atrial fibrillation, five
cycles for tissue Doppler imaging (pulsed wave frame rate >180/s),
and five cycles for strain analysis (preferred frame rate 60-100/s and
ratio with heart rate 23:4; minimum 45/s).19’20 For color Doppler,

Nyquist limit was set at 50-70 cm/s.

2.2.2 | Data storage and handling

Images were locally stored and pseudonymized. Raw DICOM files
were transferred to our echocardiography core laboratory at the
Radboud university medical center, Nijmegen, via protected storage-
or exchange media. Extraction of our offline measurement results
from the analysis software was automated using custom scripts, and
the data were then imported in a web-based database (Castor EDC,
Ciwit BV, The Netherlands).

2.2.3 | Measurement protocol

For reader convenience, we refer to conventional (all but strain)
and strain measurements. Echocardiograms obtained for standard
care were analyzed by the sonographer and an imaging cardiologist.
For “research-only” echocardiograms, only images (without online
measurements) were stored. All measurements were (re)performed
offline at the core laboratory by one out of two observers (RM or
JL). The observers were blind for all participant information such
as previous cancer diagnosis, therapy modalities and doses, cardio-
vascular risk factors, electrocardiographic findings, and blood tests.
Analysis of conventional parameters for research-only participants
was performed upon receipt in the core laboratory, to be able to
report unexpected findings (intra-cardiac tumors, congenital heart
disease, valve dysfunction, myocardial dysfunction) to their own
physician within six months, as indicated by the ethical committee.
Strain analyses were performed at a different time point, blinded
from clinical information, and conventional echocardiographic
measurements.

Conventional measurements were performed in EchoPac 202
(GE Vingmed, Norway) for GE acquired images, or TomTec Arena
2.31 (TomTec Imaging Systems GmbH, Germany) for images from
Philips stations. Myocardial strain analyses were performed using
the vendor-independent TomTec 2D Cardiac Performance Analysis
software v1.4. We expect minimal impact of the different image ac-
quisition stations on the strain results, as >90% of the images were
acquired on GE stations.”?! All offline measurements are shown in
Table 2.
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TABLE 1 Requiredimagesin DCCSS LATER 2 cardiology
echocardiography protocol

Left lateral
decubitus
position

Parasternal

Long-axis view

Short-axis view

Apical

4-chamber view

5-chamber view

2-chamber view

3-chamber view

Supine position

Subcostal

Clinical use (including
measurements)?

2D

M-mode: LV and LA/
Ao

Color Doppler: MV and
AoV

2D: apical, mid-
ventricular, MV, AoV
level

Color Doppler: MV,
AoV, PV, TV

CW: TV regurgitation

2D: atria and ventricles
in 1 view®

M-mode: TAPSE, color
MV inflow

Color Doppler: MV
and TV

CW: TV regurgitation

PW: MV and right
upper pulmonary vein
inflow

PW-TDI: LV septal and
lateral basal wall®

2D

Color Doppler: AoV
and LVOT

CW: AoV outflow

PW: LVOT

2D: atrium and

ventricle in 1 view®
Color Doppler: MV
2D: atrium and

ventricle in 1 view®

Color Doppler: MV and
AoV

2D: long-axis view, IVC
view

M-mode: IVC
respiratory variation

Additional (images
only)

2D: LVOT zoom

2D: 5 cycles
mid-ventricular®

CW: PV outflow
and regurgitation

2D: 5 cycles zoom
LV; 5 cycles RV
focused

M-mode: MAPSE
(lateral)

PW: TV inflow

PW-TDI: RV lateral
basal wall®

CW: between AoV
and MV for valve
timing

2D: 5 cycles zoom
LvP

2D: 5 cycles zoom
LvP

2D: 4-chamber
view

(Continues)

TABLE 1 (Continued)

Clinical use (including Additional (images
measurements)? only)

Color Doppler: Hepatic
vein if TR, abdominal
Ao if AR

PW: Hepatic vein if TR,
abdominal Ao if AR

Color Doppler:
Ascending and
descending Ao if AR

PW: Ascending and
descending Ao if AR

Suprasternal

Abbreviations: Ao, aorta; AoV, aortic valve; AR, aortic regurgitation;
CW, continuous wave Doppler; IVC, inferior vena cava; LA, left atrium;
LV, left ventricle; LVOT, left ventricular outflow tract; MAPSE, mitral
annular systolic plane excursion; MV, mitral valve; PV, pulmonary valve;
RV, right ventricle; TAPSE, tricuspid annular systolic plane excursion;
TDI, tissue Doppler imaging; TR, tricuspid regurgitation; TV, tricuspid
valve.

2Standard items for guideline-based clinical evaluation in risk group 1,
only images acquired in other risk groups.

b5 cycles, frame rate >60/s for strain measurements, recommended
75% of heart rate. Avoid sector size reductions.

“Avoid foreshortening. Provide atrial-focused images if no optimal
alignment.

95 cycles, PW Doppler frame rate >180/s, sector size reductions
allowed.

Observers subjectively rated the overall image quality (includ-
ing acoustic window, artefacts, contrast) of an examination as
“good,” “fair, “moderate,” or “poor,” allowing sensitivity analyses
for the study results. When available, left ventricular dimensions
were measured on 2D parasternal long-axis images rather than M-
mode, to prevent oblique measurements.?? LVEF was calculated
according to the biplane Simpson's method.?? EchoPac's speckle-
tracking based LVEF measurement (“autoEF”) was preferred to en-
hance reproducibility, though manual adjustment of endocardial
contours, and reference frames remained possible. As not all par-
ticipating centers routinely measured 3D LVEF, this measure was
not included in the protocol. Tissue Doppler velocity measure-
ments were performed and averaged over three regular cardiac

cycles.

2.2.4 | Myocardial strain analysis

Event timing

The cardiac cycle with the best image quality was selected. For all
cardiac chambers, end-diastole was set at the QRS-peak to pursue
the highest reproducibility.23 End-systole was set on the minimum
of the volume or area curve derived by the software. Unless stated
otherwise, we report end-systolic strains for the LV and RV and peak

reservoir strain for the left atrium (LA).%*
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TABLE 2 Standard echocardiographic measurements and derived parameters

Domain

Echocardiography WY LEYJE

(view)

LV structure and systolic function?

PLAX®

Apical 4-chamber

Apical 2 & 4-chamber
Apical 2, 3, 4-chamber
PSAX (mid LV)

LV mechanical dispersion
Apical 2, 3, 4-chamber
Diastolic function

Apical 4-chamber

Valve structure and function®

PLAX

PSAX (AoV level)

Apical 3 or 5-chamber

LA structure and function
PLAX

Apical 2 & 4-chamber

Primary measurements

LV end-diastolic & -systolic diameter (LVEDD, LVESD)

LV septal and posterior wall thickness (diastolic)

Lateral MV annular plane excursion (MAPSE)
Septal and lateral TDI s’

LV end-diastolic & -systolic volume (LVEDV, LVESV)
Global longitudinal strain, strain rate

Global circumferential strain, strain rate

Longitudinal strain time-to-peak standard deviation

Mitral E- and A- wave velocity, E deceleration time
Mitral annular septal and lateral TDI e’ ©
Pulmonary vein systolic (S) and diastolic (D) velocity

Tricuspid E- and A- wave velocity, E deceleration time

LVOT diameter
TR and PV Vmax
Vmax LVOT, Vmax AoV, VTI LVOT, VTI AoV

LA diameter
LA end-diastolic area & volume (LAEDV)

Calculated data

Fractional shortening = (LVEDD-LVESD)/LVEDD

LV mass index (g/m?) =
(0.832*[(IVS+LVID+PWT)*-LVID®+0.6)/BSA

Corrected MAPSE =MAPSE / LV length

LVEF = (LVEDV - LVESV)/LVESV

LV E/A ratio
LV E/e'ratio
S/D ratio

AVA, 1, = (@ VTl yor* (LVOT diameter/2)%)/VTI
AVA,. = @V yor* (LVOT diameter/2)%)/V,,
AVA index (cm/m?) = AVA / BSA

AoV

oV

LA volume index (ml/m?) = LAEDV / BSA

Apical 4 chamber LA reservoir, conduit & booster pump longitudinal strain
RV systolic function
Lateral TV annular plane excursion (TAPSE)

Lateral TDI s’ €

Apical 4 chamber

RV and RV free wall longitudinal strain
Congestion signs

Inferior vena cava diameter (in- and exspiration) Respiratory variation (%)
Timing
Ejection time (ET), IVRT, IVCT
Teiindex =ET / (IVCT +ET + IVRT)

TTP corrected =TTP in seconds / v (cycle time in
seconds))

Apical 5-chamber Ejection time, IVRT, IVCT, R-AvC

Apical 2, 3, 4-chamber Time-to-peak strain (TTP)

Abbreviations: AoV, aortic valve; AR, aortic regurgitation; AVA, aortic valve area; BSA, body surface area; IVCT, isovolumic contraction time; IVRT,
isovolumic relaxation time; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; MR, mitral regurgitation; MS, mitral stenosis; MV,
mitral valve; PLAX, parasternal long axis; PM, papillary muscle level; PSAX, parasternal short axis; PV, pulmonary valve; PW, Pulsed Wave Doppler;
R-AvC, aortic valve closure time; RV, right ventricle; TDI, Tissue Doppler imaging; TR, tricuspid regurgitation; Vmax, peak velocity; VTI, velocity time
integral.

“Besides visual inspection of global and regional wall motion.

b2D images are preferred over M-mode.

“TDI measurements are performed in three cardiac cycles.

dBesides qualitative evaluation of morphology, valve opening, Color Doppler and additional measurements to determine severity.84°

Contour drawing and tracking manually adjusted in end-diastole to cover the whole cardiac wall.

Endo- and epicardial 15-point contours were manually applied to the Tracking quality was visually confirmed based on the superimposed

LV wall in end-systole, tracked by the software and, if necessary, grayscale images and the typical curve morphology. If tracking was
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inadequate, the contours were iteratively adjusted.25 In each view,
the software divided the myocardium in six segments. Not-tracked
segments could be discarded to a total maximum of three segments
in the three apical views and one segment in the short-axis view.?
Per default, we report midwall (referred to by the software as myo-
cardial) strain for the LV,2® which has been shown to be the least
susceptible to potential foreshortening.26

Endocardial longitudinal strain of the RV was preferably mea-
sured from a RV focused apical four-chamber view. To anchor the
tracking of the RV apex, the interventricular septum was tracked,
but then excluded to report the RV free wall longitudinal strain.
Discarding of one of the three RV free wall segments was accepted
when inadequately tracked. Endocardial longitudinal strain of the LA
was measured from a non-foreshortened apical four-chamber view.
As no segmentation applies to the LA, no segments could be dis-

carded and global strain is calculated.?*

Calculation

Left ventricular GLS was calculated as the mathematical average at
end-systole of the 18 segments derived from the three apical (four-
chamber, three-chamber, two-chamber) views,?” and not as the 16
segments- and ‘total line length”-based GLS value derived by the
TomTec software. This was necessary to allow the exclusion of not-
tracked segments from the GLS calculation. Furthermore, extraction
of segmental values allows for calculation of individual wall strains
(eg, septal, lateral, or right ventricular free wall). Our method might,
however, overestimate the apical contribution to the contraction.?®

Global circumferential strain (GCS) was measured in short-axis
view at the papillary muscle (mid-ventricular) level and was averaged
over six segments.?® RV free wall longitudinal strain was averaged
over three free wall segments and for the LA, longitudinal reser-
voir strain was reported per default (no segmentation, Figure 1A).%
Strain measurements will be referenced as absolute values (ie, -21%
is “better” than -18%).

Left ventricular mechanical dispersion, an important prognosti-
cator for ventricular arrhythmias in multiple cardiac diseases,?® was
defined as the standard deviation of the 18 segmental time intervals
from the QRS-peak to peak negative strain and expressed in msec
(Figure 1B). Segmental strain curves that showed no (clear) nega-
tive peak (ie, dyskinetic and akinetic segments) cannot be included
in assessment of mechanical dispersion, as they do not allow time-

to-peak calculation.

2.3 | Training and supervision

All sonographers on-site were familiarized with the protocol. The
two core-laboratory observers were physicians and extensively
trained and supervised by (pediatric) cardiologists with established
experience in echocardiography and strain (LKa, WEK, LB). When
observers doubted on endocardial border definition, quality of
Doppler signals, severity of valvular dysfunction or presence of car-

diac anomalies, studies were over-read by LKa.

LS(%)
ED MVO
30 \

0 250 500 time (ms)

FIGURE 1 (A) Typical curve of left atrial (LA) longitudinal strain
(LS), which has a positive value. End-diastole (ED) is set at the QRS-
peak of the ECG, peak reservoir strain (LASr) typically precedes
mitral valve opening (MVO). Passive (LAScd; conduit strain) and
active (LASct; contractile strain) left atrial emptying are seen
during ventricular diastole (B) Conceptualization of left ventricular
mechanical dispersion (LV MD), which is the standard deviation of
the 18 segmental time intervals from the QRS-peak on the ECG

to peak negative strain. Dashed curves are segmental longitudinal
strain (LS) curves, the solid curve is the global longitudinal strain
curve. ED =end-diastole, ES =end-systole (aortic valve closure, for
which the surrogate of minimal volume is used)

2.4 | Study outcomes

Primary study endpoints were previously defined,'® and include
prevalences of abnormal LVEF, GLS and diastolic function according

to the current guidelines 12227,

2.5 | Statistical analysis

The feasibility of the primary outcomes of systolic and diastolic
function and all strain analyses is presented as a percentage of
all analyzed echocardiographic examinations. Differences in pro-
portions between CCS and siblings were analyzed using Pearson
chi-square test. Core laboratory inter- and intra-observer vari-
ability was tested in 30 randomly selected participants with suf-
ficient image quality for the measurement concerned (RM, JL).
Intra-observer measurements were at least two weeks apart.
The same cardiac cycle was used to exclude any temporal vari-
ability. Intra-class correlation coefficients (ICC; two way mixed)
and Bland-Altman plots showing absolute and relative mean dif-
ferences between observers and limits of agreement (calculated as
mean -2SD and +2 SD) are presented as measures of agreement.

The higher the ICC, the smaller the required sample size. With a
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probability of a type | error set at 5%, a sample of 30 patients pro-
vides a power of 91% to distinguish an ICC of 0.75 (good-excellent)
from 0.4 (poor), and 95% to distinguish and ICC of 0.9 from 0.7.%9
Proportional bias (agreement depending on the actual measure-
ment) was assessed by visual observation of Bland-Altman plot
and linear regression of the differences between observers on the
averaged measured values. All statistics were performed in SPSS
version 25 (IBM).

Echocardiography WY LEYM

3 | RESULTS
3.1 | Patient population

As from the study closure date on March 1, 2020, protocolled
echocardiograms of 1,618 participants were available in our core
laboratory. Of these, 1,341 echocardiograms were obtained in CCS
and 277 in sibling controls. We found 61 additional echocardiograms

5-year childhood cancer survivors treated 1963 to
2001 (DCCSS LATER cohort) n= 6,165

Siblings in the DCCSS LATER cohort n=1,714

- Deceased n=710
| - Known refusers n=401
- Not available, other n=319

A 4

Alive and available at study inception n= 4,735

\ 4

A 4

Eligible and invited for CARD study n= 2,991

- group 1: cardiotoxic treatment n= 2,537 aim: 1,600
- group 2: cyclophosphamide n= 44 limit: 100
- group 3: ifosfamide n= 31 limit: 100
- group 4: vincristine n= 379* limit: 100

Eligible and invited for CARD study n= 769 limit: 500

A 4

A\ 4

Signed informed consent n=1,720

- group 1: cardiotoxic treatment n= 1,458
- group 2: cyclophosphamide n= 30

- group 3: ifosfamide n= 19

- group 4: vincristine n= 213

Signed informed consent n=313

A\ 4

Study echocardiogram performed n=1,341
- group 1: cardiotoxic treatment n= 1,187

- group 2: cyclophosphamide n= 25

- group 3: ifosfamide n= 14

- group 4: vincristine n=115*

[€— Risk group 1 CCS without surveillance
echocardiogram during study, recent
echocardiogram available n= 61

\4

A\ 4

CCS with echocardiogram n= 1,402

- group 1: cardiotoxic treatment n= 1,248
- group 2: cyclophosphamide n= 25

- group 3: ifosfamide n= 14

- group 4: vincristine n= 115*

FIGURE 2

Sibling controls with echocardiogram n= 277

Inclusion flowchart of Dutch Childhood Cancer Survivors Study (DCCSS) LATER cardiology echocardiography study. CCS

=childhood cancer survivor. * Study arm closed early after exceeding the predefined limit
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from CCS in risk group 1 to contain images compliant with our pro-
tocol, resulting in a total of 1,679 echocardiograms. A detailed inclu-

sion flowchart is depicted in Figure 2.

3.2 | Echocardiographic measurements
3.2.1 | Image quality and feasibility

Image quality was rated ‘good” in 606 (36%), ‘fair’ in 793 (47%),
“moderate” in 245 (15%), and ‘poor’ in 35 (2%) of the participants.
Image quality did not differ between CCS and siblings (‘good” qual-
ity in 36% vs 38%, ‘fair’ in 47% vs 47%, “moderate” in 15% vs 14%,
and “poor’ in 2% vs 1%, respectively, P=.530). Feasibility of the pri-
mary outcome measurements and strain measurements is shown
in Table 3. Except for diastolic function assessment (defined as >2
parameters available), all measurements were significantly more fea-
sible in siblings than CCS. Biplane LVEF could be measured in 91%
of CCS and 96% of siblings (P =.006), diastolic function in 99% and
100% (P =.10), respectively, and GLS in 80% and 91% (p = <0.001).
All 18 segments were included in 75% of the GLS calculations in CCS
and in 74% of those in siblings (P=.64).

Supplemental Figure 1 depicts the feasibility of biplane LVEF,
TAPSE and GLS for different image qualities, as examples of a B-
mode, an M-mode, and a strain measurement. In 18 (30%) of the 61
additional examinations, GLS could not be measured (of whom 15
had compressed images stored). A total of 81 examinations (all but

two in CCS) were stored in compressed format.

3.2.2 | Core laboratory variability

The core laboratory inter-observer variability in a subset of 30 partici-
pants is depicted in Table 4 and Figure 3. Reproducibility of the main
outcome measures, LVEF (ICC 0.85) and GLS (ICC 0.76), were good to
excellent. The mean values of these measurements ranged from 41%
to 66% (LVEF) and -15% to -27% (GLS). No proportional biases were
observed for any of the primary outcome measurements (linear regres-
sion LVEF P =.285; GLS P =.131). Proportional biases for diastolic sep-
tal thickness and fractional shortening could not be excluded (P =.03
and 0.04, respectively), but resolved when deleting two highly influen-
tial extreme datapoints. Relative to the mean value, the limits of agree-
ment were wide for LV mechanical dispersion (-53 to 43%), septal and
posterior wall thickness (-52 to 35% and -47 to 36%, respectively),
left atrial volume (-47 to 34%), and fractional shortening (-29 to 49%).

Intra-observer analysis (Table 5) generally showed slightly higher
ICCs and smaller limits of agreement, as expected. ICCs for LVEF and

strain measurements were all 20.79, without any proportional biases.

4 | DISCUSSION

This echocardiography protocol of the Dutch nationwide DCCSS
LATER 2 CARD study is unique in its comprehensiveness

TABLE 3 Feasibility of the primary echocardiographic
measurements of cardiac function and strain measurements

Feasibility
Measure Feasibility in CCS in siblings p-value
Biplane LV ejection 91% (1276/1402) 96% 0.006
fraction (276/277)
Global longitudinal 80% (1126/1402) 91% <0.001
strain (253/277)
Global 86% (1212/1402) 89% 0.21
circumferential (247/273)
strain
Diastolic function ? 99% (1384/1402) 100% 0.10
(277/277)
TAPSE 98% (1380/1402) 100% 0.02
(277/277)
RV free wall strain 57% (805/1402) 65% 0.02
(180/277)
LA reservoir strain 72% (1013/1402) 79% 0.03
(218/277)

Note: Feasibility is shown as the % and n measurements possible out of
all currently analyzed examinations: %, n/total.

Abbreviations: CCS, childhood cancer survivors; LA, left atrium; LV, left
ventricle; RV, right ventricle; TAPSE, tricuspid annular plane systolic
excursion.

At least 2 parameters available out of: LA volume, tricuspid

regurgitation jet, e’ or E/e’.?’

incorporating well-established conventional echocardiographic pa-
rameters on systolic and diastolic performance, as well as advanced
quantification of myocardial function using strain measurements
obtained in vendor-independent software. We show high feasibil-
ity and reproducibility of the measurements, which will support the
generalizability of the conclusions from our main outcome analyses.

In a comparable cohort from the St. Jude Lifetime Study that
included 1,820 adult long-term CCS, Armstrong et al evaluated car-
diotoxicity in CCS during an outpatient clinic visit with echocardiog-
raphy. This study also provided a very detailed cardiac assessment
including LVEF, GLS, and GCS as systolic function parameters, di-
astolic function indices and exercise capacity.'? Our study has the
potential to complement existing data, especially for smaller sub-
groups in the very heterogeneous population of CCS. Furthermore,
it will allow for a detailed description of (combinations of) multiple
systolic and diastolic function abnormalities in CCS, and combina-
tion with electrocardiograms and blood biomarkers. Especially, RV
and LA strain are relatively new strain measurements, in addition to

the contemporary measurements of GLS.

4.1 | Feasibility

The feasibility of the (advanced) echocardiographic measure-
ments was higher in sibling controls than in the participating CCS.
Although our overall image quality rating was not different be-

tween CCS and siblings, it might not be robust enough to detect
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TABLE 4 Inter-observer variability for the echocardiographic measurements in 30 patients
Absolute Relative (%)?
Difference Difference

Measure Mean Range +SD 95% LOA p +SD 95% LOA p ICC

LVEDD (mm) 47.3 35-62 -0.2+3.6 7.2/ 6.7 0.71 0+9 -17 /16 0.84 0.82

LVESD (mm) 31.9 23-52 -1.9 + 27 -74 /3.5 0.001 -6+9 -25/12 0.002 0.87

Septal thickness 7.4 4-11 -0.7 £ 1.6 -40/24 0.02 -9 +22 -52 /35 0.047 0.51
(mm)

Posterior wall 8.8 6-15 -04+1.8 -4.0/3.0 0.20 -6+21 -47 / 36 0.18 0.61
thickness (mm)

Left atrial volume 394 21-84 -2.8+8.1 -18.6/13.0 0.09 -6 +21 -47 / 34 0.15 0.83
(ml)

E wave (cm/s) 81.1 46 - 152 09 +4.7 -8.3/10.0 0.33 1+7 -12/ 14 0.60 0.98

A wave (cm/s) 55.7 38-148 0.2+6.8 -13.2/13.6 0.12 3+12 -20/ 26 0.15 0.94

TDI LV €’ lateral 14.6 6-25 0.4+0.8 -1.2/1.9 0.01 3+6 -8/13 0.015 0.98
(cm/s)

TAPSE (mm) 21.8 17 - 33 -2.0+3.1 -8.1/41 0.74 2+13 -28/24 0.35 0.72

Fractional 33.0 16 - 45 3.7+6.0 -8.1/15.5 0.004 10 + 20 -29 /49 0.02 0.63
shortening (%)

LV ejection fraction 54.9 41 - 66 1.8 +3.2 -4.6/8.1 0.008 3+6 -9/16 0.02 0.85
(%)°

Global longitudinal -19.6 -15 - -27 -0.2+1.7 -3.6/3.1 0.45 1+8 -16 /18 0.52 0.76
strain (%)

LV mechanical 40.0 27 - 58 -1.5+8.9 -18.9/15.9 0.39 5+24 -53/43 0.30 0.66
dispersion (msec)

Global -20.9 -17 - =27 -1.0+1.7 -4.1/2.0 0.000 5+8 -11/20 0.000 0.70
circumferential
strain (%)

RV free wall strain -32.1 -27 - -41 -0.1+17 -34/3.2 0.72 0+5 -10/ 11 0.73 0.89
(%)

LA reservoir strain 44.9 21- 64 -0.8 +4.9 -10.5/8.9 0.38 2+11 -24 /19 0.25 0.89
(%)

Abbreviations: ICC, intra-class correlation coefficient; LA, left atrium; LOA, limits of agreement; LV, left ventricle; LVEDD, LV end-diastolic diameter;
LVESD, LV end-systolic diameter; RV, right ventricle; TAPSE, tricuspid annular plane excursion; TDI, Tissue Doppler Imaging.

2As a percentage of the mean measurement of the two observers
bautoEF n = 24; manual EFn=4

subtle differences. The feasibility of measurements itself may be
regarded as a more objective and detailed manifestation of indi-
vidual image quality. There may be a number of reasons for this
difference. First, image quality might be affected more often in
CCS, due to consequences of radiotherapy exposure or surgery
on the chest region, and different body composition. Second, sib-
lings were invited in a later stage than CCS, when sonographers
and centers may have been better familiarized with the acquisition
protocol. Of note, the core laboratory measurements did not start
before siblings were included, to ensure blinding.

Third, to prevent missing CCS with less frequent surveillance or
with more severe cardiotoxicity, we included some additional echo-
cardiograms as stated in the methods section.

Nevertheless, the feasibility of GLS measurement in 80% in
the context of an acquisition protocol is comparable to that of the

Normal Reference Ranges for Echocardiography study.!”

4.2 | Core laboratory variability

Generally, the inter-observer variability of conventional and strain
measurements in the present study lies within the ranges reported
in the literature.”*>'3! Two measurements are of particular impor-
tance to discuss.

First, the reproducibility of biplane LVEF is comparable to that of
GLS, which we attribute to the use of the semi-automated endocar-
dial border tracking option for LVEF measurement. This function-
ality is based on speckle tracking and minimizes user interaction,
which has been shown to reduce inter-observer variability and the
need for expert readers, compared with manual contouring.32'33

Second, we chose not to include global radial strain (GRS) in
our protocol. GRS has been reported to have inferior reproducibil-
ity compared to GCS,Y*%34 although it is acquired during the same

analysis in the short-axis view. The GRS measurement is subject to
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FIGURE 3 Bland-Altman plots for inter-observer variability for (A) global longitudinal strain (GLS), (B) global circumferential strain (GCS),
(C) right ventricular free wall (RVFW) longitudinal strain, (D) left atrial (LA) reservoir longitudinal strain, (E) left ventricular ejection fraction
(LVEF), (F) left ventricular (LV) mechanical dispersion. ULOA =upper limit of agreement, LLOA =lower limit of agreement

the lower lateral than axial resolution of echocardiographic images.
The specific software we use offers a useful function to aid track-
ing by adjusting the end-diastolic contours after the myocardium
has been tracked. Since these corrections entail both the endocar-
dial and epicardial contours, we judged the pitfall of accumulating
manual measurement errors, that are relatively large compared with
the myocardial wall thickness, to be unacceptable. Our data support
findings in the literature that GCS measurements are more difficult
to reproduce than GLS measurements.}”-3!

Notably, LV mechanical dispersion showed acceptable ICCs for
inter- and intra-observer variability, but with wide limits of agree-

ment (11-19msec, 27%-53%) relative to the measured values. These

limits of agreement are accepted in the field, as differences of

20msec were shown relevant for predicting arrhythmias.?®

4.3 | Myocardial strain

Myocardial strain imaging has not been fully adopted by the cham-
ber quantification guidelines,?? but has been endorsed by the adult
cardiotoxicity imaging expert consensus.!! As there is sufficient evi-
dence that GLS is feasible, reproducible and adds prognostic value in

7,8,15

a variety of cardiovascular diseases, inclusion of GLS in guide-

lines may only be a matter of time. GLS assessment may serve other
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TABLE 5 |Intra-observer variability for the echocardiographic measurements in 30 patients
Absolute Relative (%) ?
Difference Difference

Measure Mean Range +SD 95% LOA p +SD 95% LOA p ICC

LVEDD (mm) 46.7 38-61 -0.3+27 -5.6/5.0 0.55 1+6 -12/ 11 0.47 0.88

LVESD (mm) 31.0 22-52 -0.6 +1.9 -4.3/3.1 0.08 2+7 -16 /11 0.09 0.95

Septal thickness 7.0 5-10 0.3+1.0 -1.7/2.3 0.12 4+ 13 -23/32 0.10 0.74
(mm)

Posterior wall 8.7 7-13 0.2+1.8 -3.4/37 0.62 2+22 -42 /45 0.71 0.56
thickness (mm)

Left atrial volume 36.9 17 -84 -0.8 +6.3 -13.1/11.3 0.49 -1+18 -36 /33 0.71 0.90
(ml)

E wave (cm/s) 81.5 43 - 149 0.0+ 3.0 -5.8/5.8 1 1+5 -10/9 0.47 0.99

A wave (cm/s) 56.5 36 -147 04 +27 -4.9 /5.7 0.42 1+5 -10/ 11 0.43 0.99

TDI LV €’ lateral 14.8 6-25 0.1+0.7 -1.3/1.5 0.45 1+5 -9/10 0.62 0.99
(cm/s)

TAPSE (mm) 21.5 12-29 -0.3+1.6 -3.4/2.8 0.27 2+7 -17 /12 0.11 0.93

Fractional 34.1 16 - 49 0.8+5.3 -9.6/11.3 0.40 -2+18 -33/37 0.57 0.79
shortening (%)

LV ejection fraction 55.6 39-65 0.3+3.6 -6.7/7.3 0.67 1+7 -12/13 0.65 0.87
(%) °

Global longitudinal -19.1 -14 - -24 0.5+1.2 -2.0/29 0.06 2+6 -15/10 0.05 0.82
strain (%)

LV mechanical 41.3 21-59 0.2+5.6 -10.7 /111 0.83 -0.2+14 -28 /27 0.93 0.86
dispersion (msec)

Global -20.2 -15--25 -0.1+15 -3.1/29 0.60 1+8 -15/ 16 0.59 0.82
circumferential
strain (%)

RV free wall strain -31.8 -25--40 04+1.9 -3.3/4.1 0.25 1+6 -13/11 0.27 0.85
(%)

LA reservoir strain 43.3 26 - 54 0.0+4.6 -8.9/9.0 0.96 0+11 21/21 0.93 0.79
(%)

Abbreviations: ICC, intra-class correlation coefficient; LA, left atrium; LOA, limits of agreement; LV, left ventricle; LVEDD, LV end-diastolic diameter;
LVESD, LV end-systolic diameter; RV, right ventricle; TAPSE, tricuspid annular plane excursion; TDI, Tissue Doppler Imaging.

2As a percentage of the mean the two measurements.
bautoEF n = 24; manual EF n = 4.

purposes than only early initiation of heart failure treatment,* such
as selecting low-risk groups.

A major perceived limitation in using strain measurements is the
heterogeneity in proposed cutoff values that are provided by the
different software vendors. Variability in published strain values
may furthermore depend on event timing and the myocardial layer
that is analyzed. A dedicated task force is in place to standardize

strain measurements,9'23

and more pragmatic cutoff values have
been suggested.*® In our study, we use a vendor-independent soft-
ware that can process vendor-specific (raw) dicom cine loops from
any acquisition station. Continuous strain values might better in-
form on disease severity, and laboratory-specific validation of nor-
mative values or inclusion of a control population are still of great
importance at this stage.

We have provided a detailed description of our myocardial strain

measurements, including the handling of not-tracked segments and

GLS calculation, which are important for reproducibility and fair com-
parisons to normative values.”®” We encourage the use of protocols
similar to the current one when performing myocardial strain analy-
ses in large cohorts, including transparent description of calculation

methods.

4.4 | Limitations

Although LVEF measured on three-dimensional echocardiog-
raphy proved to be more reproducible and thus more suitable
than biplane LVEF to detect subtle changes over time,!° three-
dimensional echocardiography was not standard of care in all
participating centers and thus not included in the protocol. Three-
dimensional LVEF measurements are available for approximately

one-third of the study population. In addition, reproducibility
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analysis were performed in a random sample that not include pa-
tients with very low LVEF. However, in the setting of surveillance
echocardiography the reproducibility in “borderline cases” may be

of most importance.

5 | CONCLUSIONS

The echocardiographic substudy of the nationwide cross-sectional
DCCSS LATER 2 CARD study evaluates the prevalences of contem-
porary systolic and diastolic function parameters in a large cohort
of CCS and has a parallelly included sibling cohort for comparison. It
includes a protocolized echocardiogram, with feasible and reproduc-
ible primary outcome measurements.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

Figure S1. Feasibility of measurements depicted for different image

qualities. Examples of a B-mode (LVEF = left ventricular ejection

fraction), an M-mode (TAPSE = tricuspid annular systolic plane ex-

cursion) and a speckle tracking (GLS = global longitudinal strain)

measurement are shown.
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