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Simple Summary: The optimal cardiovascular screening strategy among survivors of cancer diag-
nosed at age 39 years or younger has not been determined. This retrospective analysis examined
the role of echocardiography-based myocardial strain in identifying survivors at risk for left ven-
tricular dysfunction. In this population, longitudinal and circumferential strain can likely improve
the identification of survivors at risk for cardiovascular dysfunction and provide an opportunity for
early intervention.

Abstract: Cardiovascular disease is a leading contributor to mortality among childhood, adolescent
and young adult (C-AYA) cancer survivors. While serial cardiovascular screening is recommended
in this population, optimal screening strategies, including the use of echocardiography-based my-
ocardial strain, are not fully defined. Our objective was to determine the relationship between
longitudinal and circumferential strain (LS, CS) and fractional shortening (FS) among survivors. This
single-center cohort study retrospectively measured LS and CS among C-AYAs treated with anthracy-
cline/anthracenedione chemotherapy. The trajectory of LS and CS values over time were examined
among two groups of survivors: those who experienced a reduction of >5 fractional shortening (FS)
units from pre-treatment to the most recent echocardiogram, and those who did not. Using mixed
modeling, LS and CS were used to estimate FS longitudinally. A receiver operator characteristic
curve was generated to determine the ability of our model to correctly predict an FS ≤ 27%. A total
of 189 survivors with a median age of 14 years at diagnosis were included. Among the two survivor
groups, the trajectory of LS and CS differed approximately five years from cancer diagnosis. A statisti-
cally significant inverse relationship was demonstrated between FS and LS −0.129, p = 0.039, as well
as FS and CS −0.413, p < 0.001. The area under the curve for an FS ≤ 27% was 91%. Among C-AYAs,
myocardial strain measurements may improve the identification of individuals with cardiotoxicity,
thereby allowing earlier intervention.
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1. Introduction

Cardiovascular disease is a leading contributor to late morbidity and mortality after
cancer treatment [1–3]. When compared with age-matched peers, cardiovascular-related
death is approximately seven-fold higher in childhood cancer survivors, and at least
three-fold higher in adolescent and young adult survivors [2,3]. The use of serial car-
diac imaging to monitor cardiac dysfunction in childhood, adolescent, and young adult
survivors (C-AYAs) is supported by several professional societies; however, the optimal
imaging strategy for cardiac surveillance is undetermined [4–8].

Quantitative two-dimensional (2D) assessments of left ventricular (LV) systolic func-
tion measured by left ventricular ejection fraction (LVEF) or fractional shortening (FS) have
historically been the focus of cardiac surveillance. Unfortunately, the ability of LVEF and
FS to identify asymptomatic survivors who are at risk for treatment-related cardiotoxicity
can be limited [9–11]. Additionally, evidence suggests that medical therapy is most effi-
cacious at earlier stages of disease, with a decline in efficacy occurring within months of
delayed treatment [12]. Changes in LVEF and FS are often late findings of cardiotoxicity,
detectable only after significant heart dysfunction has already occurred [13,14]. LVEF and
FS, therefore, may not be optimal metrics for cardiac surveillance in C-AYAs.

LV strain, which is an assessment of myocardial deformation, can indicate cardiovas-
cular dysfunction prior to a decline in LV systolic function. In patients with adult-onset
malignancies, baseline longitudinal strain (LS) and early changes in LS during therapy
are superior metrics to identify patients at a higher risk for subsequent cardiovascular
events, including heart failure [9,14–16]. In C-AYAs, abnormalities in strain can be de-
tected during and after the completion of cancer treatment [17,18]. The role of advanced
imaging techniques, including LV strain, in the long-term cardiac surveillance of C-AYAs
treated with cardiotoxic cancer therapy is yet to be determined and is an area of active
investigation [19–21].

We hypothesized that in C-AYAs, LS and circumferential left ventricular systolic strain
(CS) would be associated with future FS values. To test this hypothesis, we performed a ret-
rospective analysis of LS and CS in a cohort of C-AYAs treated with cardiotoxic chemotherapy.

2. Materials and Methods

This retrospective cohort analysis was reviewed and approved by the Institutional
Review Board. An existing database of 484 patients with sarcoma, Hodgkin lymphoma,
or acute myeloid leukemia treated at Vanderbilt University Medical Center between 2001
and 2019 was reviewed. Subjects were included if they were treated by the pediatric
hematology/oncology program with anthracyclines or anthracenediones, such as mitox-
antrone, and had adequate clinical records to determine diagnosis, therapeutic regimen,
and cardiovascular history. Subjects were required to have one pre-therapy and one or
more post-therapy echocardiograms available with DICOM images of adequate quality
for retrospective analysis. Subjects were not included if clinical remission could not be
achieved. If relapse occurred less than 1 year after the original end of treatment, the end of
therapy date was defined as the date after completion of both initial and salvage therapy. If
relapse occurred more than 1 year after the original end of treatment, the end of therapy
date was defined as the date of completion of the initial treatment regimen. In this scenario,
echocardiograms, cancer therapy, and cardiovascular outcomes prior to the date of relapse
were included in the analysis.

Individuals for whom cardiac screening and management likely differed from the
broader survivor population were excluded. This included individuals with pre-treatment
echocardiograms demonstrating greater than mild mitral or aortic valve regurgitation/stenosis,
greater than moderate tricuspid or pulmonary valve regurgitation/stenosis, hemodynam-
ically significant congenital heart disease (not including PFO/small ASD or small VSD),
greater than moderate pericardial effusion, constrictive physiology, an FS < 28% (as quan-
tified by 2D or M Mode methods), an LVEF < 55% (as quantified by 5/6 area-length,
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biplane, or 3D methods), an arrhythmia (not isolated PACs or PVCs), a family history of
cardiomyopathy, or evidence of non-compaction/infiltrative cardiomyopathy.

Data including gender, race, type of malignancy, age at diagnosis, total anthracy-
cline/anthracenedione dose, and radiation to a field with potential impact on the heart
were obtained from a review of the electronic health record. Doxorubicin isotoxic equiva-
lents were calculated and relevant radiation fields were identified based on the Children’s
Oncology Group Long-Term Follow-Up Guidelines Version 5 [4].

Echocardiograms performed at our institution from the time of cancer diagnosis and
onwards were identified. Echocardiograms were performed on commercially available
equipment (EPIQ7 and iE33 [Philips Medical Systems, Andover, MA, USA], ACUSON
Sequoia [Siemens Medical Solutions, Malvern, PA, USA]). Clinical echocardiogram re-
ports were reviewed. The pertinent clinical findings, including measurements of LVEF
and FS, and evidence of valvular disease, pericardial disease, or other cardiac pathology
were recorded.

DICOM images were imported into a research database and analyzed using Cardiac
Performance Analysis 4.6 (TomTec Imaging Systems, Unerschleissheim, Germany). For
all studies with adequate image quality, LS and CS were measured by tracing endocardial
borders in the apical four-chamber view and short-axis view at the mid-papillary level.
Image analysis was performed and reviewed by a core group of 3 sonographers and 1
cardiologist who were blinded to the clinical outcome. All data were compiled and stored
in REDCap, a HIPAA compliant electronic database [22].

Statistical Analysis

To determine the trajectory of LS and CS over time, survivors were divided into two
groups. Based on reproducibility data indicating a decline in FS by >5 absolute units
is clinically significant [23], we dichotomized our FS data into two groups according to
the presence or absence of a drop in FS > 5 units on the most recent echocardiogram in
comparison to the pre-treatment echocardiogram. We then examined the relationship
between this dichotomized variable, LS, and CS over time.

The random intercept mixed model was used in this longitudinal analysis to determine
the relationship between CS, LS and FS as time proceeds. All available time points were
included in the analysis. In addition to LS and CS, the following demographic and treatment
factors were identified a priori and included as explanatory variables in the analyses: age
at diagnosis, total doxorubicin isotoxic equivalents, and radiation to a field involving the
heart (yes/no). Given a variable duration of follow-up, the time elapsed since diagnosis
was also included in the model. The two-sided significance level was set to 5% for assessing
the significance of the estimated parameters.

We assessed the relationship between FS and strain measurements using three models:
(a) LS individually; (b) CS individually; and (c) LS and CS combined. The root mean square
error (RMSE) was determined for all three models and the Diebold–Marino test was used
to compare the predictive accuracy of the 3 models [24].

We performed a post hoc analysis using a receiver operator characteristic curve to
determine the ability of our model to correctly predict an FS ≤ 27%, a clinically accepted
marker ofabnormal left ventricular systolic function [25]. The analyses were conducted
using SAS (Statistical Analysis System, version 9.4) software. The model cross-validation
and comparisons were performed with R (version 4.0.5).

3. Results

Our initial chart review identified 206 unique subjects who met inclusion criteria.
Among subjects who were not included, the most common reasons were unavailable digital
echocardiograms (72%) and not achieving remission (17%). The remaining reasons for
exclusion were unclear treatment history, no exposure to anthracyclines, and significant
congenital heart disease.
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A total of 199 subjects had DICOM images of adequate quality with appropriate
tracking of LV motion to perform measurements of left ventricular strain (Figure 1). Due to
the retrospective nature of this study, 189 subjects had serial FS values, while only 83 had
serial LVEF values. Therefore, we chose to focus our analysis on the individuals with serial
FS values.
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Figure 1. A total of 189 subjects were included in the study. The most common reasons for exclusion
were unavailable digital echocardiograms (72%) and remission was not achieved (17%).

3.1. Demographic and Clinical Characteristics

Among these individuals, 55% were male. The median age at diagnosis was 14 years,
and the median current age was 20 years. The most common cancer diagnoses were
Hodgkin lymphoma 30% (56/189), acute myeloid leukemia 24% (45/189), and Ewing
sarcoma 22% (42/189). The median doxorubicin isotoxic equivalence dose was 300 mg/m2

IQR (200 mg/m2 to 375 mg/m2). A total of 32.3% (61/189) of the participants had received
radiation. The median follow-up time was 1.8 years with an IQR of 0.8 to 4.8 years (Table 1).
Approximately 40% of the population was followed for at least 3 years and 44 participants
(23%) had follow-up echocardiograms ≥ 5 years from diagnosis.
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Table 1. Demographic and Treatment Characteristics of Survivors.

Characteristics N = 189

Male (%) 104 (55.0%)

Age at diagnosis (Year, Median) 14.4

Age at Last Echocardiogram (Year, Median) 16.7

Cancer Type

Acute myeloid leukemia 45 (23.8%)

Ewing sarcoma 42 (22.2%)

Hodgkin lymphoma 56 (29.6%)

Osteosarcoma 35 (18.5%)

Soft tissue sarcoma 11 (5.8%)

Cumulative Anthracycline Dose [mg/m2 Median (IQR)] 300 (200–375)

Radiation (%) 61 (32.3%)

Pre-treatment FS [Median (IQR)] 37.1% (34.7% to 40.1%)

Pre-treatment LS [Median (IQR)] −19.8% (−21.9% to −18.1%)

Pre-treatment CS [Median (IQR)] −25.6% (−28.6% to −22.9%)

Most recent FS [Median (IQR)] 35.0% (32.0% to 38.0%)

Most recent FS < 27% 10 (5.3%)

Most recent LS [Median (IQR)] −18.7% (−20.9% to −16.7%)

Most recent CS [Median (IQR)] −24.3% (−26.9% to −21.9%)

Follow-up time (Years) [Median (IQR)] 1.8 (0.8 to 4.8)

3.2. Left Ventricular Function

The pre-treatment median FS was 37.1% IQR (34.7% to 40.1%). The pre-treatment
median LS was −19.8% IQR (−21.9% to −18.1%) with a pre-treatment median CS of
−25.6% IQR (−28.6% to −22.9%). The median FS on the most recent follow-up was
35.0% IQR (32.0% to 38.0%) with a median LS of −18.7% IQR (−20.9% to −16.7%) and a
median CS of −24.3% IQR (−26.9% to −21.9%) (Table 1).

3.3. Longitudinal FS Values

By plotting LS over time for both FS groups, we determined that approximately
five years from cancer diagnosis, the rate of change in LS began to differ between the
two groups with a larger rate of decline among individuals with a reduction of >5 FS units
when compared with individuals without a reduction of ≥5 FS units (Figure 2a). Similarly,
the rate of change in CS began to differ between the two groups after approximately five
years (Figure 2b). Despite these changes in LS and CS, the median FS was similar between
the two groups at five years (34.3% among those with an eventual decline of >5 FS units
versus 34.6% among those with an eventual decline of ≤5 FS units).
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Figure 2. (a,b) Trends in longitudinal and circumferential strain over time. Longitudinal strain
(LS) (a) and Circumferential strain (CS) (b) plotted over time among individuals who experienced a
decline in fractional shortening (FS) from pre-treatment to the most recent echocardiogram by >5 FS
unit (red) and those who did not (blue) indicates a difference in rate of change in LS and CS about
five years after a cancer diagnosis. Separate Loess smoothers are applied to each group to visually
demonstrate the longitudinal trends. +/◦ Indicate individual strain measurements.
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3.4. Mixed-Effects Modeling

Using a mixed-effects model, we identified significant inverse relationships between
FS and the following variables: time since diagnosis, LS, and CS (Table 2). For every year
since diagnosis, FS declined by 0.36 units (p < 0.001). For every one-unit increase in LS and
CS, FS decreased by 0.13 and 0.41 units, respectively. We found no significant interaction
between time and LS or CS. Figure 3 depicts the estimated FS based on our model.

Table 2. Mixed-Effects Model Including All Variables Identified A Priori.

Predictor Estimate
95% C.I.

p-Value
Lower Upper

Age at diagnosis −0.059 −0.1425 0.02548 0.1711

Time since diagnosis (years) −0.362 −0.524 −0.2007 <0.0001

Doxorubicin isotoxic equivalence total dose 0.001 −0.0007 0.00203 0.3245

Chest Radiation (No) 0.136 −0.8238 1.0956 0.7803

LS −0.129 −0.251 −0.00665 0.0388

CS −0.413 −0.5088 −0.3179 <0.0001
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Figure 3. Estimated Fractional Shortening Using a Mixed-Effects Model. Fitted fractional shortening
(FS) values (circles) based on a mixed-effects model, including longitudinal strain (LS), circumferential
strain (CS), age at diagnosis, time since diagnosis, total doxorubicin isotoxic equivalents, and radiation
to a field involving the heart (yes/no) across ‘time since diagnosis’. Loess-smoothed curve of the
fitted FS values, along with the corresponding 95% confidence band, is also provided.

Next, we examined LS and CS individually. By comparing plots of LS and estimated
FS to plots of CS and estimated FS, we determined that there was a higher rate of change
between CS and estimated FS when compared to LS and estimated FS (Figure 4a,b). This
led us to further examine LS and CS.
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Figure 4. (a,b). Estimated Fractional Shortening Using Longitudinal or Circumferential Strain. Fitted
fractional shortening (FS) values (circles) across longitudinal strain (LS) values (a) and circumferential
strain (CS) values (b). Loess-smoothed curve of the fitted FS values, along with the corresponding
95% confidence band, is also provided.
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3.5. Cross Validation

To better understand the relationship between LS, CS, and FS, we determined the
RMSE for all three models based on LS alone (RMSE 4.21), CS alone (RMSE 4.07), and both
LS and CS (RMSE 4.05). Only the model that included both LS and CS did not violate the
normality assumptions. We also assessed differences in the forecasted accuracy of the three
models using the Diebold–Mariano test (Table 3). The Diebold–Mariano test indicated
no significant difference in the forecasted accuracy of the three models. Therefore, we
selected a model that included LS and CS for further assessment with a receiver operator
characteristic curve.

Table 3. Root Mean Square Error (RMSE) and Forecasts Comparison Among Models with LS alone,
CS alone, and LS with CS.

Model RMSE Model Forecasts Comparison

LS alone 4.21 LS alone vs. CS alone 0.55

CS alone 4.07 LS alone vs. LS and CS 0.29

LS and CS 4.05 CS alone vs. LS and CS 0.43

3.6. Prediction of LV Dysfunction

Our post hoc analysis used an FS value of ≤27% as a marker of clinically significant
LV dysfunction. The area under the curve (AUC) for the receiver operating characteristic
curve (ROC) generated by our data is 0.906 (95% confidence interval: 0.850–0.962) with an
AUC of 0.900 for the corresponding smoothed ROC (95% confidence interval: 0.816–0.946).
(Figure 5). This implies that the model is adequate in distinguishing an FS value of ≤27%
compared to ≥27%.
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Figure 5. Predictive Ability of a Mixed-Effects Model to Identify Survivors at Risk for Left Ventricular
Dysfunction. Receiver operator characteristics curve with smoothing (light blue) and without smooth-
ing (dark blue) is shown. The area under the curve (AUC) for the receiver operator characteristic
curve (ROC) generated by our data is 0.906 (95% confidence interval: 0.850–0.962) with an AUC of
0.900 for the corresponding smoothed ROC (95% confidence interval: 0.816–0.946).

4. Discussion

The role of strain in cardiovascular screening among C-AYAs is poorly defined. Our
study specifically examines the association between LS, CS, and FS in a retrospective single-
center cohort. Our main finding shows that a model using LS and CS to estimate future
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FS can accurately identify survivors at risk for LV dysfunction (defined as an FS ≤ 27%).
Additionally, the rate of change in LS and CS starting five years post-cancer diagnosis
may differ between survivors who develop a clinically significant decline in FS and those
who do not. Therefore, using LS and CS during cardiac screening may identify survivors
at a higher risk of future cardiotoxicity, and thereby provide an opportunity for earlier
clinical intervention.

Although FS and LVEF are commonly used during cardiac screening, evidence sug-
gests that relying on these late biomarkers of cardiotoxicity is likely suboptimal. Cardinale
et al. has demonstrated that 36% of adults treated with anthracycline-based chemotherapy
who develop an LVEF ≤ 45% will not achieve complete recovery of LV systolic function,
even if heart failure therapy begins immediately [12]. Similarly, in a population of childhood
survivors with significant LV systolic dysfunction prior to starting heart failure therapy,
a transient improvement in cardiac function was observed; however, this benefit was not
sustained through the 10 years of follow-up [26]. Our study shows that myocardial strain is
a potential earlier predictor of cardiotoxicity among C-AYAs undergoing cardiac screening
and consideration should be given to adding strain to the current imaging protocols.

Strain can also provide a more effective strategy for timing the initiation of medical
therapy. In an adult population, an LS-guided strategy for initiation of heart failure
therapy (≥12% relative reduction in LS) during cancer treatment has demonstrated superior
preservation of cardiac function compared to an LVEF-guided strategy (>10% absolute
reduction in LVEF) [16]. Promising results from a retrospective single-center study of
22 childhood survivors using a strain-guided approach for early treatment of cardiotoxicity
demonstrated sustained improvement in strain values among survivors treated with ACEI
or angiotensin receptor blocker (ARB) therapy [27]. Here, our work also suggests that
implementing strain measurements in cardiac screening for C-AYAs could provide an
opportunity for a timelier intervention.

There are population-specific considerations when utilizing strain measurements. LS
is preferentially emphasized over CS in adult-based cardio-oncology guidelines. However,
studies have indicated that CS values were abnormal more often than LS values in C-AYAs
greater than one year after treatment [17,28]. In this study, we have demonstrated that a
model including both LS and CS is optimal for C-AYAs.

Another unique aspect of cardiovascular screening in C-AYAs is the longevity of
survivors, leading to an extended duration for follow-up and serial surveillance. Based on
our data, changes in the trajectory of myocardial strain may begin to differentiate between
lower- and higher-risk groups approximately five years from a cancer diagnosis, making
this an ideal time to enhance screening.

Limitations

Our study suggests a potential role for strain as an imaging biomarker for identifying
survivors at a higher risk for the development of subsequent LV dysfunction. However, sev-
eral limitations should be noted when interpreting these results: (a) The largest limitation
is the retrospective nature of this study, which caused variability in available retrospective
echocardiogram images and image quality. Although this limitation is not unique to our
study and is common to retrospective imaging studies in this population, this hindered
our ability to perform a Simpsons’ bi-plane measurement of ejection fraction [29]. Future
studies utilizing cardiac magnetic resonance imaging should be considered to address this
limitation. (b) Information on dexrazoxane use was not uniformly available and, thus, not
accounted for in this study. This is significant given the potential cardio-protective benefits
of this agent [30,31]. (c) Obesity can influence strain, but it was not accounted for in our
model. However, only 15% of our population was obese, suggesting that this factor may be
less influential in this cohort. (d) Finally, the generalizability of our results may be limited
since this was a single-center study.
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5. Conclusions

In a retrospective single-center study of C-AYAs, we showed that measurements of
LS and CS could provide estimates of future FS. The change in the trajectory of LS and
CS values among patients who developed cardiotoxicity became apparent approximately
five years after a cancer diagnosis. These results will require further validation in a large
prospective cohort but suggest the potential utility of strain to stratify the risk for LV
dysfunction among C-AYAs undergoing cardiac surveillance.

Author Contributions: Conceptualization, W.J.B., J.H.S., S.C.B. and D.L.F.; methodology, W.J.B. and
J.H.S.; formal analysis, W.J.B., X.D., D.B., W.G. and C.Y.; data curation, W.G., G.C., C.H., M.C., D.S.
and C.J.; writing—original draft preparation, W.J.B.; writing—review and editing, J.H.S., S.C.B., X.D.,
D.B. and W.G.; supervision, J.H.S. and S.C.B.; funding acquisition, W.J.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This publication is supported in part by the American Heart Association (Award Number
(19CDA34760181), CTSA award No. KL2TR002648 from the National Center for Advancing Trans-
lational Sciences Tomorrow’s Research Fund St. Baldrick’s Scholar Award (Award Number 636214
and the National Institutes of Health/National Cancer Institute grant number [P30CA016059]. The
content presented in the documents is solely the responsibility of the authors and does not necessarily
represent the official views of the fundings agencies.

Institutional Review Board Statement: This retrospective cohort analysis was reviewed and ap-
proved by the Vanderbilt University Medical Center (VUMC) Institutional Review Board (IRB #
182181, approval date 31 December 2018).

Informed Consent Statement: This study was granted waiver of informed consent by the IRB.

Data Availability Statement: De-identified echocardiography measurements can be provided upon
written request and IRB approval.

Acknowledgments: We would like to acknowledge Barbara Ritchey and Rebecca Morrow for their
dedication to improving the lives of cancer survivors.

Conflicts of Interest: The authors declare no relationship with the industry relevant to this research.

References
1. Armstrong, G.T.; Pan, Z.; Ness, K.K.; Srivastava, D.; Robison, L.L. Temporal trends in cause-specific late mortality among 5-year

survivors of childhood cancer. J. Clin. Oncol. 2010, 28, 1224–1231. [CrossRef] [PubMed]
2. Prasad, P.K.; Signorello, L.B.; Friedman, D.L.; Boice, J.D., Jr.; Pukkala, E. Long-term non-cancer mortality in pediatric and young

adult cancer survivors in Finland. Pediatr. Blood Cancer 2012, 58, 421–427. [CrossRef] [PubMed]
3. Armstrong, G.T.; Liu, Q.; Yasui, Y.; Neglia, J.P.; Leisenring, W.; Robison, L.L.; Mertens, A.C. Late mortality among 5-year survivors

of childhood cancer: A summary from the Childhood Cancer Survivor Study. J. Clin. Oncol. 2009, 27, 2328–2338. [CrossRef]
[PubMed]

4. Children’s Oncology Group. Long-Term Follow-Up Guidelines for Survivors of Childhood, Adolescent, and Young Adult Cancers Version
5.0; Children’s Oncology Group: Seattle, WA, USA, 2018.

5. Gan, H.W.; Spoudeas, H.A. Long-term follow-up of survivors of childhood cancer (SIGN Clinical Guideline 132). Arch. Dis. Child.
-Educ. Pract. 2014, 99, 138–143. [CrossRef]

6. Armenian, S.H.; Hudson, M.M.; Mulder, R.L.; Chen, M.H.; Constine, L.S.; Dwyer, M.; Nathan, P.C.; Tissing, W.J.; Shankar, S.;
Sieswerda, E.; et al. Recommendations for cardiomyopathy surveillance for survivors of childhood cancer: A report from the
International Late Effects of Childhood Cancer Guideline Harmonization Group. Lancet Oncol. 2015, 16, e123–e136. [CrossRef]

7. Sieswerda, E.; Postma, A.; van Dalen, E.C.; van der Pal, H.J.; Tissing, W.J.; Rammeloo, L.A.; Kok, W.E.; van Leeuwen, F.E.; Caron,
H.N.; Kremer, L.C. The Dutch Childhood Oncology Group guideline for follow-up of asymptomatic cardiac dysfunction in
childhood cancer survivors. Ann. Oncol. 2012, 23, 2191–2198. [CrossRef]

8. Levitt, G. Therapy Based Long Term Follow Up: Practice Statement, 2nd ed.; Wallace, W., Ed.; United Kingdom Children’s Cancer
Study Group; Late Effects Group, 2005. Available online: https://www.cclg.org.uk/write/MediaUploads/Member%20area/
Treatment%20guidelines/LTFU-full.pdf (accessed on 26 March 2023).

9. Sawaya, H.; Sebag, I.A.; Plana, J.C.; Januzzi, J.L.; Ky, B.; Tan, T.C.; Cohen, V.; Banchs, J.; Carver, J.R.; Wiegers, S.E.; et al. Assessment
of echocardiography and biomarkers for the extended prediction of cardiotoxicity in patients treated with anthracyclines, taxanes,
and trastuzumab. Circ. Cardiovasc. Imaging 2012, 5, 596–603. [CrossRef]

https://doi.org/10.1200/JCO.2009.24.4608
https://www.ncbi.nlm.nih.gov/pubmed/20124180
https://doi.org/10.1002/pbc.23296
https://www.ncbi.nlm.nih.gov/pubmed/21910209
https://doi.org/10.1200/JCO.2008.21.1425
https://www.ncbi.nlm.nih.gov/pubmed/19332714
https://doi.org/10.1136/archdischild-2013-305452
https://doi.org/10.1016/S1470-2045(14)70409-7
https://doi.org/10.1093/annonc/mdr595
https://www.cclg.org.uk/write/MediaUploads/Member%20area/Treatment%20guidelines/LTFU-full.pdf
https://www.cclg.org.uk/write/MediaUploads/Member%20area/Treatment%20guidelines/LTFU-full.pdf
https://doi.org/10.1161/CIRCIMAGING.112.973321


Cancers 2023, 15, 2349 12 of 13

10. Ramjaun, A.; AlDuhaiby, E.; Ahmed, S.; Wang, L.; Yu, E.; Nathan, P.C.; Hodgson, D.C. Echocardiographic Detection of Cardiac
Dysfunction in Childhood Cancer Survivors: How Long Is Screening Required? Pediatr. Blood Cancer 2015, 62, 2197–2203.
[CrossRef]

11. Armstrong, G.T.; Plana, J.C.; Zhang, N.; Srivastava, D.; Green, D.M.; Ness, K.K.; Daniel Donovan, F.; Metzger, M.L.; Arevalo, A.;
Durand, J.B.; et al. Screening adult survivors of childhood cancer for cardiomyopathy: Comparison of echocardiography and
cardiac magnetic resonance imaging. J. Clin. Oncol. 2012, 30, 2876–2884. [CrossRef]

12. Cardinale, D.; Colombo, A.; Lamantia, G.; Colombo, N.; Civelli, M.; De Giacomi, G.; Rubino, M.; Veglia, F.; Fiorentini, C.; Cipolla,
C.M. Anthracycline-induced cardiomyopathy: Clinical relevance and response to pharmacologic therapy. J. Am. Coll. Cardiol.
2010, 55, 213–220. [CrossRef]

13. Civelli, M.; Cardinale, D.; Martinoni, A.; Lamantia, G.; Colombo, N.; Colombo, A.; Gandini, S.; Martinelli, G.; Fiorentini, C.;
Cipolla, C.M. Early reduction in left ventricular contractile reserve detected by dobutamine stress echo predicts high-dose
chemotherapy-induced cardiac toxicity. Int. J. Cardiol. 2006, 111, 120–126. [CrossRef] [PubMed]

14. Thavendiranathan, P.; Poulin, F.; Lim, K.D.; Plana, J.C.; Woo, A.; Marwick, T.H. Use of myocardial strain imaging by echocardiog-
raphy for the early detection of cardiotoxicity in patients during and after cancer chemotherapy: A systematic review. J. Am. Coll.
Cardiol. 2014, 63, 2751–2768. [CrossRef] [PubMed]

15. Ali, M.T.; Yucel, E.; Bouras, S.; Wang, L.; Fei, H.W.; Halpern, E.F.; Scherrer-Crosbie, M. Myocardial Strain Is Associated with
Adverse Clinical Cardiac Events in Patients Treated with Anthracyclines. J. Am. Soc. Echocardiogr. 2016, 29, 522–527.e523.
[CrossRef] [PubMed]

16. Thavendiranathan, P.; Negishi, T.; Somerset, E.; Negishi, K.; Penicka, M.; Lemieux, J.; Aakhus, S.; Miyazaki, S.; Shirazi, M.;
Galderisi, M.; et al. Strain-Guided Management of Potentially Cardiotoxic Cancer Therapy. J. Am. Coll. Cardiol. 2021, 77, 392–401.
[CrossRef]

17. Tuzovic, M.; Wu, P.T.; Kianmahd, S.; Nguyen, K.L. Natural history of myocardial deformation in children, adolescents, and young
adults exposed to anthracyclines: Systematic review and meta-analysis. Echocardiography 2018, 35, 922–934. [CrossRef]

18. Armstrong, G.T.; Joshi, V.M.; Ness, K.K.; Marwick, T.H.; Zhang, N.; Srivastava, D.; Griffin, B.P.; Grimm, R.A.; Thomas, J.;
Phelan, D.; et al. Comprehensive Echocardiographic Detection of Treatment-Related Cardiac Dysfunction in Adult Survivors of
Childhood Cancer: Results From the St. Jude Lifetime Cohort Study. J. Am. Coll. Cardiol. 2015, 65, 2511–2522. [CrossRef]

19. Ehrhardt, M.J.; Liu, Q.; Jefferies, J.L.; Mulrooney, D.A.; Sapkota, Y.; Goldberg, J.; Dixon, S.B.; Lucas, J.T.; Ness, K.K.; Srivastava,
D.K.; et al. Associations between global longitudinal strain (GLS), N-terminal-prohormone brain natriuretic peptide (NT-proBNP)
and subsequent cardiomyopathy (CM) in a clinically assessed cohort of childhood cancer survivors exposed to cardiotoxic
therapy. J. Clin. Oncol. 2022, 40, 10052. [CrossRef]

20. Gonzalez-Manzanares, R.; Castillo, J.C.; Molina, J.R.; Ruiz-Ortiz, M.; Mesa, D.; Ojeda, S.; Anguita, M.; Pan, M. Automated Global
Longitudinal Strain Assessment in Long-Term Survivors of Childhood Acute Lymphoblastic Leukemia. Cancers 2022, 14, 1513.
[CrossRef]

21. Vecchione, R.; Quagliariello, V.; Giustetto, P.; Calabria, D.; Sathya, A.; Marotta, R.; Profeta, M.; Nitti, S.; Silvestri, N.; Pellegrino,
T.; et al. Oil/water nano-emulsion loaded with cobalt ferrite oxide nanocubes for photo-acoustic and magnetic resonance dual
imaging in cancer: In vitro and preclinical studies. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 275–286. [CrossRef]

22. Harris, P.A.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, J.G. Research electronic data capture (REDCap)–a metadata-
driven methodology and workflow process for providing translational research informatics support. J. Biomed. Inform. 2009, 42,
377–381. [CrossRef]

23. Wallerson, D.C.; Devereux, R.B. Reproducibility of echocardiographic left ventricular measurements. Hypertension (Dallas Tex.
1979) 1987, 9, Ii6-18. [CrossRef] [PubMed]

24. Diebold, F.; Mariano, R. Comparing Predictive Accuracy. J. Bus. Econ. Stat. 1995, 13, 253–263.
25. Gutgesell, H.P.; Paquet, M.; Duff, D.F.; McNamara, D.G. Evaluation of left ventricular size and function by echocardiography.

Results in normal children. Circulation 1977, 56, 457–462. [CrossRef]
26. Lipshultz, S.E.; Lipsitz, S.R.; Sallan, S.E.; Simbre, V.C., 2nd; Shaikh, S.L.; Mone, S.M.; Gelber, R.D.; Colan, S.D. Long-term enalapril

therapy for left ventricular dysfunction in doxorubicin-treated survivors of childhood cancer. J. Clin. Oncol. 2002, 20, 4517–4522.
[CrossRef] [PubMed]

27. Harrington, J.K.; Richmond, M.E.; Fein, A.W.; Kobsa, S.; Satwani, P.; Shah, A. Two-Dimensional Speckle Tracking
Echocardiography-Derived Strain Measurements in Survivors of Childhood Cancer on Angiotensin Converting Enzyme
Inhibition or Receptor Blockade. Pediatr. Cardiol. 2018, 39, 1404–1412. [CrossRef]

28. Plana, J.C.; Galderisi, M.; Barac, A.; Ewer, M.S.; Ky, B.; Scherrer-Crosbie, M.; Ganame, J.; Sebag, I.A.; Agler, D.A.; Badano, L.P.;
et al. Expert consensus for multimodality imaging evaluation of adult patients during and after cancer therapy: A report from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc.
Imaging 2014, 15, 1063–1093. [CrossRef]

29. Sachdeva, R.; Stratton, K.L.; Cox, D.E.; Armenian, S.H.; Bhat, A.; Border, W.L.; Leger, K.J.; Leisenring, W.M.; Meacham, L.R.;
Sadak, K.T.; et al. Challenges associated with retrospective analysis of left ventricular function using clinical echocardiograms
from a multicenter research study. Echocardiography 2021, 38, 296–303. [CrossRef]

https://doi.org/10.1002/pbc.25651
https://doi.org/10.1200/JCO.2011.40.3584
https://doi.org/10.1016/j.jacc.2009.03.095
https://doi.org/10.1016/j.ijcard.2005.07.029
https://www.ncbi.nlm.nih.gov/pubmed/16242796
https://doi.org/10.1016/j.jacc.2014.01.073
https://www.ncbi.nlm.nih.gov/pubmed/24703918
https://doi.org/10.1016/j.echo.2016.02.018
https://www.ncbi.nlm.nih.gov/pubmed/27068546
https://doi.org/10.1016/j.jacc.2020.11.020
https://doi.org/10.1111/echo.13871
https://doi.org/10.1016/j.jacc.2015.04.013
https://doi.org/10.1200/JCO.2022.40.16_suppl.10052
https://doi.org/10.3390/cancers14061513
https://doi.org/10.1016/j.nano.2016.08.022
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1161/01.HYP.9.2_Pt_2.II6
https://www.ncbi.nlm.nih.gov/pubmed/3542819
https://doi.org/10.1161/01.CIR.56.3.457
https://doi.org/10.1200/JCO.2002.12.102
https://www.ncbi.nlm.nih.gov/pubmed/12454107
https://doi.org/10.1007/s00246-018-1910-z
https://doi.org/10.1093/ehjci/jeu192
https://doi.org/10.1111/echo.14983


Cancers 2023, 15, 2349 13 of 13

30. Getz, K.D.; Sung, L.; Alonzo, T.A.; Leger, K.J.; Gerbing, R.B.; Pollard, J.A.; Cooper, T.; Kolb, E.A.; Gamis, A.S.; Ky, B.; et al. Effect
of Dexrazoxane on Left Ventricular Systolic Function and Treatment Outcomes in Patients with Acute Myeloid Leukemia: A
Report From the Children’s Oncology Group. J. Clin. Oncol. 2020, 38, 2398–2406. [CrossRef]

31. Chow, E.J.; Aplenc, R.; Vrooman, L.M.; Doody, D.R.; Huang, Y.-S.V.; Aggarwal, S.; Armenian, S.H.; Baker, K.S.; Bhatia, S.; Constine,
L.S.; et al. Late health outcomes after dexrazoxane treatment: A report from the Children’s Oncology Group. Cancer 2022, 128,
788–796. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1200/JCO.19.02856
https://doi.org/10.1002/cncr.33974

	Introduction 
	Materials and Methods 
	Results 
	Demographic and Clinical Characteristics 
	Left Ventricular Function 
	Longitudinal FS Values 
	Mixed-Effects Modeling 
	Cross Validation 
	Prediction of LV Dysfunction 

	Discussion 
	Conclusions 
	References

