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Left Ventricular Strain Analysis During
Submaximal Semisupine Bicycle Exercise
Stress Echocardiography in Childhood
Cancer Survivors

Fabian von Scheidt “*, MD; Christine Pleyer; Verena Kiesler “, MD; Peter Bride, MD; Stephan Bartholomae, MD;
Johannes Kramer, MD; Michael Kaestner “*/, MD*; Christian Apitz **/, MD*

BACKGROUND: Childhood cancer survivors (CCSs) show relevant cardiac morbidity and mortality throughout life. Early detec-
tion is key for optimal support of patients at risk. The aim of this study was to evaluate 2-dimensional speckle-tracking echo-
cardiography strain analysis during semisupine exercise stress in CCSs for detection of subclinical left ventricular dysfunction
after cancer treatment.

METHODS AND RESULTS: Seventy-seven CCSs >1-year postchemotherapy were prospectively examined at rest, low, and sub-
maximal stress level and compared with a cohort of healthy adolescents and young adults (n=50). Global longitudinal strain
(GLS), short axis circumferential strain, and corresponding strain rates were analyzed using vendor-independent software.
CCSs at median 7.8years postchemotherapy showed comparable left ventricular GLS, circumferential strain, and strain rate
values at all stress stages to healthy controls. Yet, prevalence of abnormal GLS (defined as <2 SD of controls reference) in
CCSs was 1.3% at rest, 2.7% at low, and 8.6% at submaximal stress. In CCSs, relative change of circumferential strain from
rest to submaximal stress was lower than in healthy controls, median 16.9 (interquartile range [IQR], 3.4; 28.8) % versus 23.3
(IQR, 11.3; 33.3) %, P=0.03, most apparent in the subgroups of CCSs after high-dose anthracycline treatment and cancer
diagnosis before the age of Syears.

CONCLUSIONS: In this prospective 2-dimensional speckle tracking echocardiography strain study, prevalence of abnormal left
ventricular GLS increased with stress level reflecting impaired cardiac adaptation to exercise stress in some CCSs. However,
relatively early after last chemotherapy, this did not result in significant differences of mean GLS-, circumferential strain-, and
strain rate values between CCSs and controls at any stress level.
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hildhood cancer survivors (CCSs) show an el- mainly attributable to anthracycline and radiation
evated risk for cardiac morbidity and mortality, therapy.® Therefore, lifelong cardiac surveillance is
which increases even long after cancer ther-  recommended.
apy.! Cardiac events are the leading nonmalignant Echocardiography is the cornerstone in cardio-
cause of death in CCSs.? Cardiotoxicity in CCSs is  oncologic follow-up. In a recent consensus statement,
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CLINICAL PERSPECTIVE
What Is New?

Overall, childhood cancer survivors show
comparable response to exercise stress com-
pared with healthy controls measured by
2-dimensional-speckle-tracking strain analysis
a median of 7.8years after last chemotherapy.

e Yet, prevalence of abnormal global longitudinal
strain increases with stress level, reflecting im-
paired cardiac adaptation to exercise stress in
some childhood cancer survivors.

What Are the Clinical Implications?

e Cardiac events are the leading nonmalignant
cause of death in childhood cancer survivors,
and lifelong cardiac surveillance is necessary to
pursue early identification of potential (subclini-
cal) cardiac impairment.

e With outcome data lacking, routine application of
2-dimensional-speckle tracking strain stress test-
ing for cardio-oncologic surveillance does not
seem reasonable at this point, but we recommend
consideration of this low side-effect, noninvasive
method in select patients with borderline or incon-
clusive findings to obtain more diagnostic informa-
tion and possibly shorten the follow-up interval.

Nonstandard Abbreviations and Acronyms

2D 2-dimensional

a2c apical 2 chamber

a3c apical 3 chamber

adc apical 4 chamber

CCSs childhood cancer survivors

CS circumferential strain

DICOM Digital Imaging and Communications in
Medicine

fps frames per second

GLS global longitudinal strain

GLSR global longitudinal strain rate

LS longitudinal strain

SJLIFE  St. Jude Lifetime Cohort Study

SR strain rate

STE speckle tracking echocardiography

2-dimensional (2D)-speckle-tracking echocardiogra-
phy (STE) has been introduced as the imaging tech-
nique of choice to detect subclinical left ventricular (LV)
dysfunction.*

2D-STE imaging can help to quantify deformation
of the myocardium and objectify regional as well as
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global LV function. Altered strain in CCSs despite nor-
mal LV-ejection fraction (EF) has been described.®®
Yet, clinical relevance of the method in CCSs has to be
determined.”

Conventional stress echocardiographic findings in
CCSs are controversial.®® Exercise echocardiography
has not been recommended in routine follow-up for
asymptomatic CCSs.*

Combining the potential of stress echocardiogra-
phy with the strength of 2D-STE might be a promising
approach for early detection of cardiac malfunction.

The aim of this study was to evaluate 2D-STE global
longitudinal strain (GLS), circumferential strain (CS),
and corresponding strain rates (SR) during semisupine
exercise stress testing as a potential method for detec-
tion of early LV dysfunction in CCSs. We hypothesized
that CCSs may have subclinical impairment of cardiac
function manifested in a deteriorated cardiac response
to exercise stress measured by GLS, CS, and corre-
sponding SR compared with healthy controls.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

In preparation to this study in CCSs, our workgroup
has published a standardized protocol and reference
values for 2D-STE-derived LV-strain and LV-SR during
semisupine bicycle stress testing in adolescents and
young adults.'® Methodical aspects are in excerpts in-
cluded in this article.

Study Population
CCSs were prospectively recruited at our institution
during routine cardio-oncologic follow-up. Inclusion
criteria were age <18years at cancer diagnosis, cur-
rently in remission, time since last chemotherapy
>1year, body size >140cm to reach bicycle pedals.
Exclusion criteria were congenital heart disease (ex-
cept patent foramen ovale or small atrial septal defect).
The control group consisted of healthy adolescents
and young adults. Details on the control group have
been previously published by our workgroup.'©
Written informed consent for study participation
was obtained from all study participants and their par-
ents or legal guardians if the patient was underage.
The study protocol conforms to the ethical guidelines
of the Declaration of Helsinki and was approved by the
local ethics committee (approval number 101/16).

Clinical Characteristics
All CCSs underwent routine cardiac examination in-
cluding ECG and echocardiography before the stress
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test. Height and weight were measured. Disease history
was obtained from patient records at our institution’s
archive. We assessed cancer type, age at diagnosis,
time since last chemotherapy, cancer therapy regimen,
cumulative anthracycline and radiation doses, as well
as current health issues and medication.

Cumulative anthracycline doses are presented as
doxorubicin-equivalent doses. Dose conversion was
conducted according to the Children’s Oncology
Group Long-Term Follow-Up Guidelines Version 5.0
(Conversion factors: doxorubicin x1, daunorubicin
x0.5, idarubicin x5, and mitoxantrone x4)."

Cardiomyopathy risk was stratified according to
a predescribed recommendation.’> High cardiotoxic
risk is defined as cumulative equivalent anthracycline
dose >250mg/m? or chest radiation dose >35gray or
anthracycline dose >100mg/m? and chest radiation
>15gray. Moderate cardiotoxic risk represents anthra-
cycline dose of 100 to <250mg/m? or chest radiation
dose >15 to <35gray. Low cardiotoxic risk is assumed
for anthracycline dose <100 mg/m?.

Stress Protocol and Echocardiographic
Image Acquisition

Stress tests were performed with patients on a bicy-
cle ergometer (ergoselect 1200; ergoline GmbH, Bitz,
Germany) in semisupine body position. Patients were
tilted up to 45° leftwards for optimal acoustic window.
Workload was increased every 3minutes by 20W
(body weight <50kg) or 25W (body weight >50kg).
Target pedaling speed was 55 to 65revolutions/min.
Resting images were acquired after 3minutes in still
semisupine position. Exercise images were recorded
at low and submaximal stress level, defined as heart
rates of 60%, respectively 75% to 85% of age based
on maximal exercise heart rate (according to 220—age
formula). During image recording, the corresponding
workload was not altered and pedaling was continued.
Poststress images were recorded after a cool-down
phase when heart rate approached resting values.

Echocardiographic studies were conducted by ex-
perienced stress echocardiography investigators on a
Philips Epig 5G (Philips, Amsterdam, the Netherlands)
ultrasound machine with a S5-2 transducer. In all ex-
ercise stages, loops of apical 4- (a4c), 3- (@3c), and
2- (a2¢) chamber views and in midpapillary short axis
were saved.

Image sets of 2 ECG-gated cardiac cycles were ret-
rospectively recorded. Four subsets for every image
plane, each containing 2 cardiac cycles, were instantly
assessed on the screen of the ultrasound machine.
Image quality was evaluated and the best of the 4
subsets was saved for offline analysis. If image quality
was unsatisfactory, up to 3 recording attempts were
repeated pursuing optimal image quality even during
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exercise stress. The correspondent stress stage was
elongated if necessary. Images were optimized for STE
strain analysis by narrowing the field of view and op-
timizing image depth according to LV size, thereby in-
creasing the frame rate. Eighty-five frames per second
(fps) or higher were approached. In addition, LV diam-
eters, LV-fractional shortening, and LV-EF (Teichholz)
were measured in M-mode in a standard parasternal
long-axis view.

Strain Analysis

Images were transferred in Digital Imaging and
Communications in Medicine (DICOM) format to a
workstation. Strain analysis was performed offline
using Tomtec 2D-CPA analysis software, version TTA
2.30 (Tomtec Imaging Systems, Unterschleissheim,
Germany). Image quality for every loop was reviewed
offline using a modified predescribed model.’® Image
quality was rated excellent for 95% to 100%, good for
70% to 95%, and substandard for <70% visualization
of LV-endocardial and myocardial structures. Loops
with insufficient endocardial visualization were ex-
cluded from analysis.

For every heart cycle, end-diastole and end-systole
were defined. Endocardial border was traced manually
at end-systole followed by a semiautomatic recognition
of end-diastolic endocardial contour. In case of inad-
equate tracing, manual adjustments were made until
achieving a visually sufficient tracking or excluding the
image from analysis.

Strain is defined as peak-systolic strain in this study.
Longitudinal strain (LS) of a4c-, a3c-, a2¢c-views and
CS at the midpapillary short-axis level as well as corre-
sponding SRs were measured. GLS and GL-SR were
derived from the 3 longitudinal image planes. We de-
scribe more negative strain and SR values as “higher”
(defying mathematical logic) because more negative
values represent increased myocardial contraction.

Abnormal strain was defined as strain values <2 SD
of controls reference. Abnormality thresholds for GLS
were —17.8% at rest, —19.4% at low stress, —-21.5% at
submaximal stress and for CS —-19.0% at rest, —-22.2%
at low stress, and —24.3% at submaximal stress level.

Statistical Analysis

Values are given as median with interquartile range
or frequencies as appropriate. The Shapiro-Wilk test
was performed to test for data normality. Differences
between CCSs and controls were compared using
the Mann-Whitney U test. Subgroup analysis was
performed to test for differences considering patient
sex and patient age at cancer diagnosis. P<0.05 was
considered statistically significant. Statistical analyses
were performed using SPSS Statistics for Windows,
version 25 (IBM Corp., Armonk, NY).
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RESULTS

Patient Characteristics
Seventy-seven patients and 50 healthy controls were in-
cluded in the study. Median age in CCSs was slightly lower
than in the control group. Details are shown in Table 1.

Eighty-seven percent of CCSs had received anthra-
cycline derivatives. The therapeutic regimen contained
solely doxorubicin in 43.3% (29/67), solely daunorubi-
cin in 1.5% (1/67), a combination of doxorubicin with
daunorubicin in 52.2% (35/67), a combination of doxo-
rubicin, daunorubicin with idarubicin in 1.5% (1/67),
and a combination of daunorubicin, idarubicin, and
mitoxantrone in 1.5% (1/67) of cases.

One patient had bone marrow transplantation for
relapse 14 months after initial diagnosis of acute lym-
phoblastic leukemia.

Table 1. Clinical Characteristics

All CCSs were asymptomatic when being asked
for cardiac symptoms. Comorbidities in the CCSs
group were arterial hypertension (n=2) treated
with angiotensin-converting enzyme inhibitor and
angiotensin-ll-receptor blocker, respectively, small
atrial septal defect (n=1), trisomy 21 (n=1), hypothyroid-
ism (n=6) treated with levothyroxine, mild asthma (n=1)
treated with inhaled corticosteroids, epilepsy (n=1) on
levetiracetam treatment, and congenital adrenal hyper-
plasia (h=1) with accordant hormone substitution.

Stress Test Characteristics

Exercise duration was shorter and workload lower to
achieve target heart rates in CCSs compared with
controls. Conventional stress echocardiographic pa-
rameters did not differ substantially between groups

Age at study, y (IQR) 16.7 (13.9; 20.9) 19.0 (15.4; 20.3) 0.286
Female sex, n 31/77 (40.3%) 22/50 (44%) 0.677
Weight, kg (IQR) 63.0 (52; 77) 64.5 (48; 72) 0.445
Height, cm (IQR) 168 (1569; 175) 168 (161; 183) 0.454
BMI, kg/m? (IQR) 21.5(19.5; 24.9) 20.6 (18.8; 23.5) 0.081
BSA, m? (IQR) 1.72 (1.55; 1.94) 1.73 (1.47; 1.90) 0.555

Age at diagnosis, y (IQR)

Acute lymphoblastic leukemia, n 39 (50.6%)
Hodgkin lymphoma, n 12 (15.6%)
Nephroblastoma, n 10 (13%)
Non-Hodgkin lymphoma, n 3(3.9%)
Neuroblastoma, n 3 (3.9%)
Ewing sarcoma, n 3 (3.9%)
Osteosarcoma, n 2 (2.6%)
Rhabdomyosarcoma, n 2 (2.6%)
Soft tissue sarcoma, n 1 (1.3%)
Hepatoblastoma, n 1(1.3%)
Acute myelogenous leukemia, n 1 (1.3%)

7.7 (3.4; 14.8)

Time since last chemotherapy, y (IQR)

7.8 (4.3; 10.7)

Anthracycline therapy, n

67 (87.0%)

Cumulative anthracycline equivalent, mg/m? (IQR)*

180 (160; 210)

Chest radiation, n

6 (7.8%)

Radiation dose, Gy (IQR)

19.8 (19.8; 22.3)

High, n 20 (26.0%)
Moderate, n 43 (565.8%)
Low, n 14 (18.2%)

Values as median (IQR). BMI indicates body mass index; BSA, body surface area; CCSs, childhood cancer survivors; and IQR, interquartile range.
*Cardiomyopathy risk according to Children’s Oncology Group Long-Term Follow-Up Guidelines Version 5.0.
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(Table S1). None of the controls and 1 CCS showed an
impaired LV-EF (<53%) at rest.

LV Strain and SR

The main findings are summarized in Figure 1. LV-
GLS and CS did not differ between CCSs and healthy
controls at any stress stage. In CCSs with high car-
diomyopathy risk, average GLS and CS values were
lower at rest, low and submaximal stress, thus given
the small subgroup sample size not reaching signifi-
cance (Table 2).

Relative change in GLS between different stress
stages was comparable between groups. Relative
change in CS was lower in CCSs (Table 2), most ap-
parent in the subgroup of CCSs diagnosed with cancer
<byears of age (n=28) where GLS and CS were unal-
tered compared with controls but a reduced relative
increase of CS from rest to low stress (median 1.5%
versus 10.7%, P<0.001) and from rest to submaximal
stress level (median 12.1% versus 23.2%, P=0.007)
was noticeable.

Abnormal strain (defined as strain values <2 SD of
controls) at rest/low stress/submaximal stress was
present in 1.3%/2.7%/8.6% of CCSs regarding GLS
and in 1.4%/3.0%/3.4% of CCSs regarding CS.

Six of 70 (8.6%) CCSs showed maladaptive strain at
submaximal stress level, including the only individual
with abnormal LV-EF at rest. Four of 6 were female.
Tumor types were acute lymphoblastic leukemia in
4/6, rhabdomyosarcoma in 1/6, and hepatoblastoma
in 1/6. Considering oncological therapy details in this
subgroup, 3/6 patients are considered to belong the
high cardiomyopathy risk group, 2/6 to the intermedi-
ate, and 1/6 to the low-risk group. Five of 6 patients
were younger than 5years upon cancer diagnosis.
Time since last chemotherapy was median 8.1 years,
ranging from 6.8 to 11.8years.

SR increased concordantly to heart rate. There was
no difference in absolute values or change of SR be-
tween groups (Table 3).

GLS was similar between female CCSs (n=31) and
female controls (n=22), CS was lower at low stress level
(median —-27.2 versus —29.4, P=0.014), not prevailing at
submaximal stress level in this subgroup.

Figure 2 shows a representative example of a4c
strain curves at different stress stages from a CCS.
Corresponding video loops are provided online
(Video S1).

Technical Aspects

Image quality assessment for CCSs is shown in
Figure S1. Image quality dropped with increasing
stress level, especially in a3c-view. GLS in CCSs was
determinable in 75/77 (97.4%) at rest, 75/77 (97.4%) at
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low stress, and in 70/77 (90.9%) cases at submaximal
stress.

Frame rates in CCSs were 971+12.7frames per
second (fps) at rest, 98.4+11.0fps at low stress, and
99.2+11.5fps at submaximal stress, which are suffi-
cient for strain analysis at high heart rates.

DISCUSSION

To the best of our knowledge, this is the first prospec-
tive semisupine bicycle exercise stress study in CCSs
to investigate 2D-STE strain and SR as primary end
points. We found a rising prevalence of abnormal GLS
with increasing stress level, suggesting impaired car-
diac adaptation in individual CCSs. Mean GLS, CS,
and corresponding SRs were similar in CCSs (median
age at cancer diagnosis 7.7years, median 7.8years
postchemotherapy) compared with healthy controls.

Strain and SR Measurement at Rest in
CCSs

LV-GLS is a recommended parameter in cardio-
oncologic assessment.* Impaired myocardial deforma-
tion measured by strain imaging precedes significant
change in LV-EF.'

Especially during or early (<1 year) after chemother-
apy, strain abnormalities have been described.5'®

Considering an intermediate interval (>1 to
<10years) postchemotherapy, as best comparable to
our CCSs cohort, there seems to be some compen-
sation potential of cardiac function. Most CCSs have
no apparent cardiac symptoms during that period of
time post cancer therapy. Studies regarding subclini-
cal cardiac impairment measured by strain imaging are
contradictory.

In aretrospective study, Moon et al found lower GLS,
CS, and circumferential strain rate in patients a mean
3.9years after cancer diagnosis with anthracycline
treatment compared with controls. Despite including
only subjects with normal fractional shortening (>28%),
relative difference in fractional shortening (—5.2%) was
similar to relative difference in GLS (-7.4%) and CS
(—8.6%) between CCSs and controls. Compared with
our study, anthracycline doses were higher and heart
rate differed between their groups, which might distort
SR measurement.'®

Cetin et al reported subtle changes of LV strain
in CCSs at a mean 21.9months after chemotherapy
compared with controls. They found impaired LS for all
apical (adc-, a3c-, a2c¢-) views but not for GLS, which is
surprising because GLS is derived from the aforemen-
tioned views. They did not find a difference in CS. The
time interval since last chemotherapy in this study was
shorter, partly <1year."”
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Figure 1. Exercise stress 2-dimensional-speckle tracking echocardiog-
raphy strain analysis in childhood cancer survivors.

Childhood cancer survivors (CCSs), median 7.8 years postchemotherapy, showed an
increasing frequency of abnormal global longitudinal strain (GLS) with higher exercise
level, reflecting an impaired cardiac adaption in up to 8.6% of CCSs at submaximal
stress (top). Yet, there was no relevant difference in mean GLS between CCSs and
healthy controls at any stress level neither considering all CCSs (n=77) nor when
stratifying for CCSs with high cardiomyopathy risk (n=20), defined as cumulative
equivalent anthracycline dose >250mg/m? or chest radiation dose >35Gy or
anthracycline dose >100mg/m? and chest radiation >15Gy (middle). Individuals GLS
course at different stress levels is shown at the bottom. CCSs indicates childhood
cancer survivors; GLS, global longitudinal strain; and n.s., not significant.
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Figure 2. Strain curves of a CCS.

Apical 4-chamber view strain curves from a CCS at rest (top), low (middle),
and submaximal stress level (bottom). White curve indicates mean
longitudinal strain. CCS indicates childhood cancer survivor.
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Yu et al reported strain findings from 32 CCSs
at a median 6.9years postchemotherapy compared
with healthy controls. In their study, LS (a4c) did not
differ between groups, concordant with our find-
ings. In contrast to that, they reported lower CS in
CCSs.'8

Akam-Venkata et al reported lower GLS and CS in
CCSs compared with controls in a retrospective study
at a median follow-up 4.7 years after chemotherapy.'®

A cardiac magnetic resonance strain study reported
46 CCSs exposed to >200mg/m? anthracycline doses
a of median 9.6years postchemotherapy. They found
lower CS and LS determined by magnetic resonance
imaging in CCSs compared with controls. In their
echocardiographic strain evaluation, only a difference
in CS but not in LS was evident.?®

A large multicenter study by Slieker et al compared
546 CCSs to 134 healthy controls. The median age
at cancer diagnosis was 3.6years, and the median
time since last anthracyclines was 7.9years. CS was
higher in CCSs than in controls. They measured CS
in the mid- and epicardial layer, not at the subendo-
cardial level as we did. GLS was lower in CCSs, but
the absolute difference was small (0.73%) between
groups. They reported abnormal LV-EF in 0.8% of pa-
tients, similar to our findings. Abnormal LS (defined as
Z-score < —2) at rest was present in 7.7%. Yet, they
reported prevalence of abnormality for a4c-LS instead
of the more robust parameter GLS.”

Cardiac morbidity increases over a long time in
CCSs." Accordingly, Armstrong et al reported higher
prevalence for cardiac dysfunction in a large cohort of
1820 CCSs from the SJLIFE (St. Jude Lifetime Cohort
Study) with a median age of 31 years and median time
since diagnosis of 23 years. Prevalence of reduced 3D-
LV-EF was 5.8%, of impaired GLS (defined as <2SD
of mean using sex-, age-, and vendor-specific strain
values) 31.8%, and of impaired CS 23.1%.6 Even when
stressing the heart, we found a considerably lower ab-
normality prevalence in our cohort.

Cumulative anthracycline dose and cardiac radiation
exposure are the most powerful predictors of cardio-
toxicity.?" Regarding a multivariate association analy-
sis provided in the SJLIFE study, the rate ratio (RR) of
reduced 3D-LV-EF increased stepwise accordingly to
cumulative anthracycline dose (RR 1.74 for anthracy-
cline dose <100mg/m?, RR 7.71 for doses >400mg/
m?). This effect was much less pronounced for abnor-
mal GLS (RR 1.38 for anthracycline dose <100mg/m?,
RR 1.73 for doses >400mg/m?) and inconclusive for
abnormal CS.®

In a study investigating strain in 111 CCSs ~15years
after last anthracycline therapy, lower GLS and global
longitudinal strain rate were also evident, but no sig-
nificant relation between GLS and high-dose anthra-
cycline nor between elevated NT-pro-BNP (N-terminal
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pro-B-type natriuretic peptide) and lower strain values
was found.??

Outcome studies investigating strain in CCSs are
still lacking but ultimately essential for implementa-
tion of STE strain echocardiography into therapeutic
decision-making in CCSs. A GLS-guided interventional
study in adult patients with cancer deciding upon ini-
tiation of cardioprotective therapy during cancer treat-
ment by change in GLS instead of change in LV-EF did
not reveal an advantage for the GLS group at 1-year
follow-up,?® thus questioning the predictive value of
strain measurement in cancer cohorts.

Cardiac Response to Exercise Stress in
CCSs

Stress echocardiography has been performed in
CCSs.822 |t is not routinely recommended for cardio-
oncologic surveillance.*22 Investigation of strain and
SR in CCSs during exercise stress is scarce.

Ryerson et al performed a stress study with 80
CCSs. Patients age at diagnosis was lower and time
postchemotherapy longer than in our study. They re-
ported comparable resting and stress values for frac-
tional shortening and EF and no remarkable findings
for strain and SR at rest in patients after anthracycline
therapy compared with anthracycline-naive controls.
Exercise strain data were unavailable in their study
because frame rates were insufficient for analysis at
exercise heart rates.®

Cifra et al published stress data of 100 CCSs at a
mean 10.3years postchemotherapy. Demographics
including anthracycline doses and exercise heart rate
were similar to our study. Concordantly to our findings,
LS was unchanged at rest and during exercise be-
tween groups. They conclude that at 10-year follow-up
CCSs have overall LV and RV systolic and diastolic
myocardial exercise response comparable with that of
control subjects.?® Remarkable is the large SD for LS
(determined solely from a4c-view) in their CCSs group
at peak exercise, which might point towards more het-
erogeneous exercise stress strain values than in our
study, which was primarily focusing on the assessment
of 2D-STE LV strain.

In a study evaluating exercise response with strain
imaging in 22 CCSs a median 6years after anthra-
cycline exposure, there was no difference in relative
change of CS compared with controls. Yet, they found
an impaired circumferential strain rate exercise reserve
in CCSs.?” Exercise heart rate in the study was higher
compared with our study. STE SR measurement at
high heart rate is at the edge of technical feasibility
because high temporal resolution is crucial to avoid
undersampling.?® Therefore, STE SR stress measure-
ments have to be interpreted carefully. Assessment of
SR did not reveal relevant differences in our study.
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We did not see differences in relative change for
GLS but found a tendency towards impaired relative
change of CS in CCSs (Table 2), especially in the sub-
group of CCSs with therapy that began at <5years of
age. Assessing relative change of strain during exer-
cise stress seems promising taking the patient’s own
baseline into consideration. This is especially valuable
for CS where normal values are widely scattered and
may improve intervendor comparability. The diagnostic
value of reduced relative increase of CS in CCSs during
exercise stress needs further investigation in the future.

Prevalence of Abnormality

Because prevalence of cardiac dysfunction in CCSs is
low during early years and an individual’s susceptibility
to cardiac dysfunction after cancer treatment varies,
indicating the prevalence of abnormality seems more
meaningful than searching for differences by compar-
ing mean values of groups.

A major issue when defining “abnormal” strain re-
mains the appropriate abnormality threshold. Strain
analysis, despite all harmonization efforts, still is vul-
nerable to technical aspects and intervendor differ-
ences.?>%0 Implementing a control group and using
vendor-independent software as in our study might
help to reduce this bias.

Regarding CCSs with abnormal GLS at submaxi-
mal stress level (n=6) in our study, they disproportion-
ately often belong to the subgroup with the highest
therapy intensity (60% in GLS abnormality subgroup
versus 26% in CCSs overall), age <byears at cancer
diagnosis (83.3% in GLS abnormality subgroup versus
36.4% in CCSs overall), and female sex (66.7% in GLS
abnormality subgroup versus 40.2% in CCSs overall).
All are known risk factors for development of cancer
therapy-related cardiomyopathy.®’

Study Limitations

Limitation by the small number of cases, especially
considering the high cardiomyopathy risk subgroup,
is obvious. One could underestimate anthracycline
exposure in this study because equivalent anthracy-
cline doses were calculated according to Children’s
Oncology Group Long-Term Follow-Up Guidelines
Version 5 where daunorubicin dose is factored by x0.5
instead of x1 as in most earlier studies.

The highest stress level in this study was restricted
to submaximal exercise stress, because of physical
(breathing, motion artifacts) and technical aspects
(frame rate), to guarantee adequate image quality for
strain analysis. Thus subtle cardiac impairment might
be underestimated because cardiac reserve was not
fully challenged.

To guarantee as reliable as possible strain data,
we applied a prospective study design with strain as
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primary end point, adhered to a standardized acquisi-
tion protocol, used vendor-independent analysis soft-
ware, and meticulously optimized technical aspects
such as image quality and frame rate to reduce bias.

A mean frame rate of 99.2+11.5fps at submaximal
stress can be considered sufficient for strain analysis at
the submaximal stress heart rates in this study, exceed-
ing the recommended 30 frames per heart cycle.®? Yet,
strain rate measurements at the highest stress stage in
our study are at the edge of technical feasibility with the
risk of undersampling because of a limited temporal res-
olution and therefore have to be interpreted carefully.?®

In this study, several statistical hypotheses were
tested, with explorative character in the subgroup
comparisons. Therefore, statistical significance, espe-
cially in the subgroup comparisons, has to be inter-
preted with caution.

CONCLUSIONS

In this prospective 2D-STE strain study, we found a
rising prevalence of abnormal GLS with increasing
stress level in CCSs, reflecting an impaired cardiac ad-
aptation in 8.6% of CCSs at submaximal stress. There
were no major differences in mean GLS, CS, and cor-
responding SRs between CCSs and healthy controls
during semisupine submaximal exercise stress.

With outcome data lacking routine application of
2D-STE, strain stress testing for cardio-oncologic sur-
veillance does not seem reasonable at this point. In
clinical routine this low side-effect, noninvasive method
may be considered in select patients with borderline
or inconclusive findings to obtain more diagnostic in-
formation and possibly shorten the follow-up interval.

Further research is needed, preferably in cohorts
with higher pretest probability (ie, subgroups with high-
est anthracycline/radiation exposure, younger age at
diagnosis, or later postchemotherapy) to identify co-
horts potentially benefiting most from the method and
correlate findings with outcome data.

Additionally, investigating intraindividual relative
change of strain either between different stress stages
or in longitudinal follow-up should be a special focus of
further research because it incorporates the patient’s
own baseline, possibly indicating subtle impairment
before absolute values are considered pathologic. This
also could help to improve intervendor comparability.
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Table S1. Conventional echocardiographic stress test parameters

Rest Low stress Submaximal stress Post stress
Heart rate, /min (IQR) p P p p
CCSs 76 (66.5;90) 0.507 | 115(108;120.5) | 0.187 152 (145;156) 0.045 | 88.5(79.5:95) | 0.330
Controls 78 (72;88) 117 (112;121) 154 (150;158) 90 (85;94)
Systolic blood pressure, mmHg (IQR)
CCSs 109 (104;119) 0.072 132 (120;144) 0269 | 154(139.3:172) | 0.071 | 108 (98.5;122) | 0.286
Controls 116.5 (106.8;127) 133.5 (123.5;146.5) 162.5 (152.3;175) 112 (101;118)
Diastolic blood pressure, mmHg (IQR)
CCSs 68 (64.5;72.5) <0.001 68.5 (62;76,8) 0.001 70 (64;79.8) 0.024 62 (57,71.5) 0.023
Controls 63 (54;66) 60 (56;70) 66.5 (53.5;78) 61 (55.5;65)
Stress test duration, min (IQR)
CCSs 5 (3.5;6) 0.033 10 (9;12) <0.001
Controls 5.5 (4,;6) 13 (10;16)
Workload, W/kg (IQR)
CCSs 0.5 (0.5;0.9) <0.001 1.6 (1.3;1.8) 0.002
Controls 1.0 (0.8;1.1) 2.0 (1.8;2.3)
LV-FS, % (IQR)
CCSs 34.9 (32.6;38.8) 0.898 | 40.1(37.1;42.8) | 0.065 | 44.8(41.1;46.7) | 0.104 | 354(33.9;38.9) | 0.145




Controls 35.4 (32.5;37.9) 42.4 (38.0;45.7) 45.1 (41.0;51.4) 36.7 (35.1;39.6)

LV-EF, % (IQR)

CCSs 64.5 (60.4;69.3) 0.863 70.8 (67.4;73.7) 0.080 76.1 (72.2;78.1) 0.116 | 65.4(63.2;69.3) | 0.247
Controls 64.9 (60.4:68.0) 73.5 (68.1;76.9) 76.3 (72.1:82.7) 66.9 (64.4;70.3)

LVIDd, mm (IQR)

CCSs 45.6 (41.2;49.3) 0.005 | 46.1(42.3;50.5) | 0.124 | 44.8(41.0;49.2) | 0.804 | 43.9 (41.0;47.5) | 0.053
Controls 47.9 (44.8;51.1) 47.3 (44.4;51.2) 45.5 (41.8;49.1) 45.9 (42.1;48.0)

LVIDs, mm (IQR)

CCSs 29.3(26.1;33.3) 0.047 27.5 (25.2;30.4) 0.925 25.1 (23.0;26.9) 0.306 | 27.9(25.6;31.2) | 0.361
Controls 31.0 (28.4:34.0) 27.1 (24.8;30.5) 24.5 (21.5;26.8) 29.0 (26.4;30.7)

Values as median (IQR). CCSs: Childhood Cancer Survivors, EF: Ejection fraction, FS: Fractional shortening, IQR: Interquartile range, LV: left-

ventricular, LVIDD/S: Left ventricular internal diameter end diastolic/systolic.




Figure S1. Image quality
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Video S1. Original signals of a childhood cancer survivor’s apical 4-chamber views at rest
(left), low stress (middle) and submaximal stress level (right). B-images on top row and
corresponding STE strain analysis tracing on bottom. Please note that video speed is reduced

for better visualization at high heart rates. Corresponding strain curves are shown in figure 1.
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