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Abstract

Background: Adverse cardiac remodeling is an important precursor to anthracycline-related cardiac dysfunction,
however conventional remodeling indices are limited. We sought to examine the utility of statistical atlas-derived
measures of ventricular shape to improve the identification of adverse anthracycline-related remodeling in
childhood cancer survivors.

Methods: We analyzed cardiac magnetic resonance imaging from a cross-sectional cohort of 20 childhood cancer
survivors who were treated with low (< 250 mg/m2 [N = 10]) or high (≥250 mg/m2 [N = 10]) dose anthracyclines,
matched 1:1 by sex and age between dose groups. We reconstructed 3D computational models of left ventricular
end-diastolic shape for each subject and assessed the ability of conventional remodeling indices (volume, mass,
and mass to volume ratio) vs. shape modes derived from a statistical shape atlas of an asymptomatic reference
population to stratify anthracycline-related remodeling. We compared conventional parameters and five atlas-based
shape modes: 1) between survivors and the reference population (N = 1991) using multivariable linear regression,
and 2) within survivors by anthracycline dose (low versus high) using two-sided T-tests, multivariable logistic
regression, and receiver operating characteristic curves.
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Results: Compared with the reference population, survivors had differences in conventional measures (lower
volume and mass) and shape modes (corresponding to lower overall size and lower sphericity; all p < 0.001).
Among survivors, differences in a shape mode corresponding to increased basal cavity size and altered mitral
annular orientation in the high-dose group were observed (p = 0.039). Collectively, atlas-based shape modes in
conjunction with conventional measures discriminated survivors who received low vs. high anthracycline dosage
(area under the curve [AUC] 0.930, 95% confidence interval 0.816, 1.00) significantly better than conventional
measures alone (AUC 0.710, 95% confidence interval 0.473, 0.947; AUC comparison p = 0.0498).

Conclusions: Compared with a reference population, heart size is smaller in anthracycline-exposed childhood
cancer survivors. Atlas-based measures of left ventricular shape may improve the detection of anthracycline dose-
related remodeling differences.

Keywords: Cardio-oncology, Anthracycline cardiotoxicity, Childhood cancer, Cardiac magnetic resonance imaging,
Statistical shape atlas

Introduction
Anthracycline chemotherapy is associated with dose-
dependent cardiotoxic effects and may result in cardiac
dysfunction and heart failure. This is of particular
concern to the growing population of childhood cancer
survivors [1]. Adverse left ventricular (LV) remodeling
(changes in LV size and shape) is an important precur-
sor to anthracycline-related cardiac dysfunction [2], and
may have clinical and prognostic relevance [3, 4].
However, conventional remodeling measures, including
LV mass and volume, are simplified indices that do not
capture potentially important changes in LV shape.
Computational modeling of 3D LV shape using cardiac
magnetic resonance imaging (MRI) in conjunction with
statistical atlas-based techniques for shape dimensional-
ity reduction can assess remodeling more comprehen-
sively than conventional measures. Importantly, this
approach has resulted in the discovery of novel cardiac
remodeling markers in populations comprised of indi-
viduals without cardiovascular disease and in popula-
tions with prior myocardial infarctions; however, it has
not been applied to the field of cardio-oncology [5, 6].
Our objectives were to examine the utility of statistical
atlas-derived measures of ventricular shape in a select
cohort (N = 20) of anthracycline-exposed childhood
cancer survivors to identify remodeling differences
between 1) survivors and an asymptomatic reference
population and 2) survivors exposed to low- and high-
dose anthracycline therapy.

Methods
Study population
This is a cross-sectional analysis of cardiac MRIs in a
subcohort of childhood cancer survivors derived from a
parent study performed at the City of Hope Childhood
Cancer Survivorship Program (Duarte, CA) and
approved by its local Institutional Review Board [7].
Subjects were eligible for the parent study if they had a

history of cancer diagnosed at ≤21 years of age for which
they were treated with anthracyclines and were ≥ 2 years
from therapy completion. For the current study, we se-
lected 20 study participants (“survivor cohort”) who were
treated with low- (< 250 mg/m2 [N = 10]) or high- (≥250
mg/m2 [N = 10]) dose anthracyclines, matched 1:1 on
sex and age (+/− 0–5 years) between dose groups. Indi-
viduals who were < 30 years old were excluded to allow
comparisons with the reference population, which is
comprised of older adults. Individuals who were treated
with concomitant chest radiation were also excluded in
order to isolate anthracycline-related remodeling and
avoid detection of radiation-related effects. The refer-
ence atlas was derived from a cross-sectional cohort of
1991 asymptomatic volunteers who underwent cardiac
MRI (“reference population”), and was made available
with permission through the Cardiac Atlas Project
(www.cardiacatlas.org) [5, 8].

Imaging acquisition and analysis
Each subject in the survivor cohort underwent a stand-
ard functional cardiac MRI on a 1.5 T GE Twin Speed
system (GE Healthcare, Milwaukee, USA), including 2D
steady state free precession cine imaging in the 2-, 3-,
and 4-chamber views in addition to contiguous slices in
the short axis plane spanning the base to the apex.
Computational models of LV shape were reconstructed
from these images using Cardiac Image Modeller soft-
ware (CIM; Auckland, NZ), by a 3-step semi-automated
process [5]: 1) anatomic guide points were manually
identified on long and short axis images at both end-
diastole and end-systole; 2) via automated endocardial
and epicardial border detection, preliminary models
were generated; and 3) detected borders were manually
adjusted to optimize the fit of the models to each
imaging plane, including adjustment for motion-related
misregistration. This process results in the reconstruc-
tion of a comprehensive ~ 1700 data point 3D
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coordinate map of the LV (Fig. 1). Papillary muscles and
trabeculations are included in the blood pool (intracavi-
tary) in this analysis. The boundaries are constrained to
fit multiple imaging planes in order to provide the opti-
mal approximation of LV shape. As a result, they are
closely aligned to imaging in each individual plane, but
may have a small degree of imprecision within individual
planes due to positional and heart rate differences be-
tween images. Global parameters were computed from
the model, including LV end-diastolic volume (LVEDV),
LV end-systolic volume (LVESV), LV mass, and LV ejec-
tion fraction (LVEF). Standard quantitative analyses of
LV size and function (LV volumes, mass, and LVEF)
were also performed via manually drawn endocardial
and epicardial contours in Medis Suite 3.2 (Medis
Medical Imaging Systems, Leiden, NL) for the purpose
of validation [9]. To ensure consistency between
methods, papillary muscles and trabeculations were
considered intracavitary and the same end-diastolic and
end-systolic frames were used in this standard post-
processing analysis. A single observer (HKN) who was
blinded to subject characteristics (e.g. age, anthracycline
dose) performed all image analyses.

Atlas-based left ventricular shape mode derivation
Principal component analysis is a dimensionality
reduction technique that was previously used in an un-
supervised manner to deconstruct differences in LV
end-diastolic shape across the reference population into
a small number of statistically independent modes of
variation (“shape modes”), ranked according to import-
ance in determining population-level variation [5]. In

this analysis, individual 3D LV shape models were nor-
malized to height but retain heart size differences related
to other factors [5, 10]. Each shape mode reflects the
population-level variation in the data that encompasses
attributes of size and both global and regional shape.
After shape mode derivation, individuals are assigned a
Z-score for each shape mode that indicates the number
of standard deviations (SDs) his or her shape differs
from population mean, allowing quantitative shape com-
parisons. Each mode is empirically derived and reflective
of the complex relationship of a large number of data
points. A visual depiction and qualitative descriptions of
the first five atlas-derived end-diastolic shape modes de-
rived from the reference population are provided in
Fig. 2. By visual inspection and as previously described
[5, 11], higher values of the end-diastolic shape modes
correspond to LV shape features as follows: Mode 1 to
higher overall size; Mode 2 to higher sphericity; Mode 3
to higher sphericity, lower chamber length, and altered
mitral annular orientation; Mode 4 to lower basal cavity
diameter and altered mitral annular orientation; and
Mode 5 to higher mid-cavitary size, lower mitral annular
size, and lower chamber length. These descriptions rep-
resent grossly observable features, and they do not cap-
ture more subtle and complex aspects of LV shape that
each shape mode measures.
In our study, we used this reference atlas to enable

quantitative comparisons of remodeling differences be-
tween survivors and the reference population, and
among survivors exposed to low- or high-dose anthracy-
cline therapy. We height-corrected individual survivor
LV shape models and assigned individual subjects in the

Fig. 1 Reconstruction of Computational Models of Left Ventricular Shape. After manual identification of anatomic guide points, a endocardial and
epicardial borders are automatically generated and manually adjusted to optimize the fit of the models to the short and long axis planes of the
left ventricle, and b a 3D left ventricular coordinate map is generated
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survivor cohort numerical Z-scores for each shape mode
derived from the reference atlas, using a previously de-
scribed MATLAB algorithm (MathWorks, Natick, MA)
[11]. These values indicate the number of SDs that the
survivor shape mode differs from the reference popula-
tion mean. By definition, shape mode scores in the refer-
ence population have a mean of 0 and a SD of 1. A
shape mode score of − 2 in an individual would indicate
that the specific shape is 2 SDs less than the mean.

Statistical analysis
Descriptive statistics were used to summarize the
reference population and survivor cohort. To assess
computational shape model reproducibility, we assess

intraobserver Pearson’s correlations in a subset of five
models that we generated twice. To assess computa-
tional LV shape model validity, we compared conven-
tional measures obtained by standard analysis with those
derived by the models using Pearson’s correlations.
Multivariable linear regression modeled conventional

MRI measures (with LVEDV and mass indexed to
height2.7) and the first five atlas-derived shape modes to
assess the differences between the reference and survivor
populations. Height-based adjustment is most accurate for
left ventricular mass, which prior studies suggest is the
most relevant conventional measure to anthracycline-
related remodeling [3, 12, 13]. These regression models
adjusted for age, ethnicity, and hypertension (past or

Fig. 2 Left Ventricular End-Diastolic Shape Modes. Principal components analysis deconstructed left ventricular end-diastolic shape across the
reference population into statistically independent patterns of variation (“shape modes”) [5]. The mean +/− 3 standard deviations of the five
shape modes explaining the most population variation are illustrated. A blue to red color scale on the endocardium is used to depict regional
wall volume relative to the population mean. The (+) indicates higher shape mode scores and (−) indicates lower values; the directionality of
these values is arbitrary. Based on the qualitative appearance of the shape modes at these extremes (and as previously described [5, 11]), higher
values of each shape mode correspond to findings as follows: Mode 1 to higher overall size; Mode 2 to higher sphericity; Mode 3 to higher
sphericity, lower chamber length, and altered mitral annular orientation; Mode 4 to lower basal cavity diameter and altered mitral annular
orientation; and Mode 5 to higher mid-cavitary size, lower mitral annular size, and lower chamber length. A: Anterior; I: Inferior; L: Lateral; S: Septal
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current). To allow more meaningful examination, ana-
lyses were limited to these five shape modes, which ac-
count for a majority (76%) of the reference population
variation. We performed a secondary analysis in which
we compared younger age (< 50 years) and older age
(≥50 years) individuals in the reference population,
using descriptive statistics. We then used the same
multivariable regression models described above to
compare conventional parameters and atlas-based
shape modes between survivors and younger individ-
uals from the reference population.
Next, we compared the imaging parameters between

survivors who received low- and high-dose anthracy-
clines using two-sample t-tests. To assess the collective
utility of conventional and novel measures to identify
anthracycline dose-related remodeling, we then used
logistic regression to model the association of anthracy-
cline exposure (low- or high-dose) with remodeling
measures in three separate models: one including the
three conventional remodeling measures (indexed
LVEDV, indexed LV mass, and mass to volume ratio);
the second including the five atlas-based shape modes;
and the third including both conventional measures
and the three most significant shape modes. Only the
three most significant shape modes (p < 0.2) were
retained in this third regression model to avoid overfit-
ting. A receiver operating characteristic (ROC) curve
was constructed and the area under the curve (AUC)
was determined for each regression model. The AUCs
for the conventional parameter model and combined
model were compared using the method of Delong
et al. [14]. All statistical tests were two-sided. Statistical
analyses were performed using Stata 13.1 (StataCorp,
College Station, Tx).

Results
Study population
In comparison with the reference population, childhood
cancer survivors were younger (38 versus 62 years, p <
0.001) and were more likely to be Hispanic (70% versus
25%, p < 0.001), with otherwise similar characteristics
(Table 1). There was a high prevalence of obesity and
hypertension. Per our study design, 10 (50%) survivors
had received high-dose and 10 (50%) had received low-
dose anthracycline chemotherapy, with similar demo-
graphic and clinical characteristics between these
subgroups apart from body mass index (BMI), which
was higher in the low-dose anthracycline group. The
mean age at diagnosis was 14.9 years (SD 5.7). Five
(25%) survivors with hypertension were taking cardiac
medications at the time of imaging; one also had a
history of heart failure. One survivor was taking an
angiotensin converting enzyme inhibitor, one survivor
was taking an angiotensin receptor blocker, and three

survivors were taking beta blockers. One additional
survivor was on a study medication (carvedilol vs.
placebo). Detailed demographic and clinical data for
each survivor are provided in Supplemental Table 1.

Left ventricular shape model reproducibility and validity
We first determine intraobserver reproducibility within
computational shape models for conventional measures
and the first five shape modes (Supplemental Table 2).
Intra-observer correlations were strong for LVEDV, LV
mass, LVESV, LVEF, and shape modes 1, 2, and 4;
moderate for shape mode 3, and poor for shape mode 5.
We then compared conventional measures derived from
the computational models with those derived by stand-
ard analysis (Medis). There were strong correlations
between methods for LVEF, LVEDV, LVESV, and LVEF.
Overall, there was adequate reproducibility of computa-
tional models, and the models were valid in comparison
to standard post-processing techniques.

Left ventricular size and shape differences between
survivors and the reference population
Conventional measures and shape modes are listed for
each survivor in Supplemental Table 1. We used multi-
variable linear regression to model the associations of
conventional measures and atlas-based shape modes
with survivor cohort membership (Table 2). These re-
gression models were adjusted for age, ethnicity, and the
presence of hypertension. In comparison to the refer-
ence population, survivors had significantly lower LVEF
(57% versus 63%, p = 0.006), indexed LVEDV (p < 0.001),
indexed LV mass (p < 0.001), and a lower mass to
volume ratio that approached statistical significance (p =
0.062). Survivors also had differences in shape mode 1
(indicating smaller overall size) and 2 (indicating lower
sphericity; both p < 0.001).
We performed a secondary analysis, restricting the

reference population to those individuals < 50 years of
age. We first compared characteristics of younger age (<
50 years) and older age (≥50 years) individuals in the
reference population (Supplemental Table 3). Of note,
the prevalence of hypertension was lower in the younger
individuals (16%) in comparison with older individuals
(49%). Younger individuals had slightly lower LVEF,
higher indexed LVEDV, similar indexed LV mass, and
higher values of shape mode 1, indicative of larger over-
all size. After restricting the reference population to in-
dividuals < 50 years of age, we used multivariable linear
regression to model the associations of conventional
measures and atlas-based shape modes with survivor
cohort membership (Supplemental Table 4). We again
found lower indexed LVEDV, indexed LV mass, and
lower values of shape mode 1 and 2 in survivors.
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Left ventricular size and shape differences among
survivors by Anthracycline dose
Next, we compared the mean values for each measure
between the low- (< 250 mg/m2) and high- (≥250mg/
m2) dose anthracycline groups; there were no statistically
significant differences in conventional parameters of
cardiac remodeling (Table 3). However, we found signifi-
cantly lower values of shape mode 4 in the high-dose
group, indicative of increased basal cavity size and
altered mitral annular orientation in these individuals
(p = 0.039). To examine the collective ability of measures
to identify dose-related remodeling differences, logistic
regression modeled the association of anthracycline dose
(low- or high-dose) with 1) conventional remodeling
measures; 2) atlas-based shape modes; and 3) conven-
tional measures and shape modes 1, 3, and 4 (the most
significant shape modes in the second regression model).

In ROC analysis, conventional remodeling measures did
not discriminate between anthracycline dose groups
(AUC 0.710, 95% confidence interval [CI] 0.473, 0.947)
while the atlas-based measures had significant discrim-
inative ability (AUC 0.880, 95% CI 0.723, 1.00). The
third model, with both conventional measures and shape
modes, discriminated dose exposure with an AUC of
0.930 (95% CI 0.816, 1.00), which was better than con-
ventional measures alone (AUC comparison p = 0.0498).

Discussion
To our knowledge, this is the first study to utilize statis-
tical shape atlas-derived measures to examine LV re-
modeling after anthracyclines. We found that 1) both
conventional remodeling measures and atlas-based shape
modes are significantly altered in childhood cancer sur-
vivors, demonstrating smaller size in comparison to an

Table 1 Subject Characteristics

Characteristic Survivor-Reference Comparison Survivor Cohort Compared By Cumulative Anthracycline
Dose

Reference Population (N = 1991)a Survivor Cohort (N = 20)a P† Low-Dose (N = 10)a High-Dose (N = 10)a P†

Demographics

Age at Imaging, y 61.5 (10.2) 38.2 (6.3) < 0.001 38.6 (6.6) 37.8 (6.3) 0.774

Sex

Male 957 (48%) 10 (50%) 0.863 5 (50%) 5 (50%) 1.00

Female 1034 (52%) 10 (50%) 5 (50%) 5 (50%)

Ethnicity

White/Non-
Hispanic

739 (37%) 6 (30%) < 0.001 2 (20%) 4 (40%) 0.329

Hispanic 491 (25%) 14 (70%) 8 (80%) 6 (60%)

Black/African
American

405 (20%) 0 (0%) 0 (0%) 0 (0%)

Chinese 356 (18%) 0 (0%) 0 (0%) 0 (0%)

Cancer

Cancer Type

Leukemia – 7 (35%) – 4 (40%) 3 (30%) 0.129

Lymphoma – 7 (35%) 5 (50%) 2 (20%)

Sarcoma – 6 (30%) 1 (10%) 5 (50%)

Age at
Diagnosis, y

– 14.9 (5.7) – 13.5 (6.5) 16.4 (4.5) 0.271

Anthracycline
Dose, mg/m2

– 255 (175, 368) – 175 (100, 210) 368 (360, 450) < 0.001

Cardiac

Body Mass Index 27.8 (5.1) 29.1 (6.8) 0.251 32.2 (5.5) 25.9 (6.7) 0.033

Hypertensionb 856 (43%) 5 (25%) 0.106 2 (20%) 3 (30%) 0.606

Heart Failure 0 (0%) 1 (5%) 0.010|| 0 (0%) 1 (10%) 0.305
aFor each group, the table depicts number (%) for categorical variables and mean (standard deviation) for continuous variables, except for anthracycline dosage,
where the median (interquartile range) is shown
bHypertension is defined as systolic blood pressure ≥ 140, diastolic blood pressure ≥ 90, or treatment with anti-hypertensive medication
† P-values for categorical variables are derived from Pearson’s chi squared tests. P-values for continuous variables are derived from two-sample T tests, except the
p-value for anthracycline dose, which was derived from a Pearson’s chi-squared nonparametric equality of medians test
|| P-value derived from a Fisher’s exact test due to small numbers in each subgroup
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asymptomatic reference population; and 2) atlas-based
measures improved the discrimination of remodeling
differences in survivors exposed to low- versus high-
dose anthracyclines in comparison to conventional mea-
sures alone. These results suggest that, with further
study in larger cohorts, statistical shape atlas-based ana-
lyses may yield improved cardiac disease markers in
anthracycline-exposed childhood cancer survivors.
Compared with a reference population, heart size was

smaller in childhood cancer survivors by both conven-
tional indices (mass and volume indexed to height) and
atlas-based measures (shape mode 1 [overall size], also

corrected for height). Although we cannot exclude the
presence of unmeasured confounders in these two differ-
ent cohorts, these findings are similar to prior studies
and consistent with long-standing hypotheses regarding
heart “shrinking” as a late effect of childhood anthracy-
cline exposure [2, 15]. Moreover, heart size (both
volume and shape mode 1) was smaller in older age in-
dividuals in our reference population, which contrasted
with our finding of smaller heart size in the younger sur-
vivor cohort. The difference in shape mode 2 (lower
sphericity) is also interesting and warrants further ex-
ploration in future studies. We note that in addition to

Table 3 Comparison of Left Ventricular Size and Shape in the Survivor Cohort by Anthracycline Dose

Low-Dose (N = 10)a High-Dose (N = 10)a P†

Conventional MRI Parameters

LVEF, % 57.2 (7.3) 55.9 (5.1) 0.663

LVEDV, ml 115.3 (17.8) 112.4 (41.4) 0.840

Indexed LVEDV, ml/m2.7 29.5 (6.2) 27.1 (8.0) 0.459

LV Mass, gr 101.5 (19.2) 91.4 (32.4) 0.405

Indexed LV Mass, gr/m2.7 25.6 (3.7) 21.8 (5.7) 0.085

Mass/Volume 0.90 (0.21) 0.83 (0.18) 0.434

Atlas-Derived Parameters

Shape Mode 1 −0.3 (0.6) −0.7 (1.0) 0.311

Shape Mode 2 −1.8 (1.0) −1.7 (1.1) 0.785

Shape Mode 3 0.7 (1.7) 0.2 (1.1) 0.419

Shape Mode 4 0.6 (1.0) −0.5 (1.3) 0.039

Shape Mode 5 0.4 (1.2) 0.3 (1.0) 0.870

LV Left Ventricle, LVEDV Left Ventricular End-Diastolic Volume, LVEF Left Ventricular Ejection Fraction, MRI Magnetic Resonance Imaging
aFor each group, the mean and standard deviation are shown
†P-values are derived from two-sample T tests

Table 2 Comparison of Left Ventricular Size and Shape Between the Survivor Cohort and the Reference Population

Reference Population (N = 1991)a Survivor Cohort (N = 20)a P†

Conventional MRI Parameters

LVEF, % 62.9 (7.3) 56.6 (6.2) 0.006

LVEDV, ml 125.4 (31.2) 113.9 (31.1) < 0.001

Indexed LVEDV, ml/m2.7 31.8 (6.5) 28.3 (7.1) < 0.001

LV Mass, gr 126.2 (36.0) 96.5 (26.4) < 0.001

Indexed LV Mass, gr/m2.7 31.8 (7.4) 23.7 (5.0) < 0.001

Mass/Volume 1.02 (0.22) 0.86 (0.20) 0.062

Atlas-Derived Parameters

Shape Mode 1 0.0 (1.0) −0.5 (0.8) < 0.001

Shape Mode 2 0.0 (1.0) −1.8 (1.1) < 0.001

Shape Mode 3 0.0 (1.0) 0.4 (1.4) 0.092

Shape Mode 4 0.0 (1.0) 0.0 (1.2) 0.412

Shape Mode 5 0.0 (1.0) 0.4 (1.1) 0.061

LV Left Ventricle, LVEDV Left Ventricular End-Diastolic Volume, LVEF Left Ventricular Ejection Fraction, MRI Magnetic Resonance Imaging
aFor each group, the raw mean and standard deviation are shown
†Linear regression determined the association of each MRI parameter with cohort, adjusting for age, ethnicity, and hypertension, and P-values were derived from
Wald tests
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sphericity, this shape mode difference corresponds to
lower mass and volume and other aspects of regional
shape variation, and this finding reflects more complex
differences than sphericity alone.
In comparisons by dose exposure, we found that survi-

vors treated with high-dose anthracyclines had signifi-
cant differences in shape mode 4, corresponding to
increased basal cavity size and altered mitral annular
orientation. Relative wall thickness is thought to have
particular relevance in childhood cancer survivors after
anthracycline therapy [2, 16, 17], and our findings sug-
gests that a regional increase in basal cavity diameter
and a resulting reduction in basal relative wall thickness
may be an important component of the adverse remod-
eling process. Finally, atlas-based shape modes improved
the identification of anthracycline dose-related remodel-
ing differences. These findings are consistent with prior
studies, which have found that atlas-based measures are
more strongly associated with health conditions where
there is cardiac remodeling (e.g. post-myocardial infarc-
tion) in comparison to standard measures [5, 6]. Our
findings suggest that with further research this method
could yield more sensitive disease markers and patho-
physiologic insight into cardiac remodeling with cardio-
toxic chemotherapy.
This study has several strengths and limitations. The

strengths include the application of novel techniques to
comprehensively capture LV remodeling processes with
demonstrated validity in comparison to standard
measures. The limitations include a lack of information
regarding cardiac medication usage in the reference
population and subsequent clinical diagnoses in the both
study groups. Owing to the relatively small sample size,
there was potential for type II error; assuming a standard
deviation of 1.0, we had 70% power to detect a shape
mode difference of 1.17 between low- and high-dose
groups. The threshold for a meaningful difference has
not yet been established for these measures, but it is
likely close to this effect size. Finally, there were import-
ant differences between survivors and the reference
population from which the atlas-based shape modes
were derived. Our finding of improved discriminative
ability with atlas-based measures despite these differ-
ences provides motivation to develop new childhood
cancer survivor-specific remodeling markers to better
capture the most relevant aspects of shape variation.

Conclusions
In this cross-sectional imaging study, we found that
heart size was relatively small in childhood cancer survi-
vors and that atlas-based measures improved the identi-
fication of anthracycline dose-related remodeling
differences. Larger studies using these novel techniques

to comprehensively assess long-term cardiac remodeling
after childhood anthracycline exposure are warranted.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s40959-020-00069-5.

Additional file 1: Supplemental Table 1. Individual Survivor
Characteristics. Supplemental Table 2. Reproducibility and Validity of
Left Ventricular Shape Models. Supplemental Table 3. Reference
Population Characteristics by Age Group*. Supplemental Table 4.
Comparison of Left Ventricular Size and Shape Between the Survivor
Cohort and Younger Individuals in the Reference Population.*

Abbreviations
AUC: Area Under the Curve; CI: Confidence Interval; CV: Coefficient of
Variation; LV: Left Ventricle; LVEDV: Left Ventricular End-Diastolic Volume;
LVESV: Left Ventricular End-Systolic Volume; LVEF: Left Ventricular Ejection
Fraction; MRI: Magnetic Resonance Imaging; ROC: Receiver Operating
Characteristic; SD: Standard Deviation

Acknowledgements
We acknowledge Dr. Alistair A. Young for his contributions to data collection
and interpretation for this manuscript.

Authors’ contributions
HKN contributed to study conception and design, image analysis, statistical
analysis, interpretation of results, and drafting and revising of the manuscript.
RX contributed to the statistical analytic plan, interpretation of the results,
and revision of the manuscript. NF acquired the reference data and assigned
shape mode scores, and contributed to figure creation and revision of the
manuscript. SG contributed to 3D LV model generation and revision of the
manuscript. DI contributed to data collection and revision of the manuscript.
LL contributed to data collection and revision of the manuscript. EA
contributed to revision of the manuscript. SH contributed to study
conception and revision of the manuscript. AT contributed to interpretation
of the results and revision of the manuscript. BK contributed to
interpretation of the results and revision of the manuscript. SA contributed
to imaging and clinical data acquisition in the survivor cohort, interpretation
of the results, and revision of the manuscript. JO contributed to study
conception and design, analytic plan development, interpretation of the
results, and revision of the manuscript. ADM contributed to study
conception and design, analytic plan development, interpretation of the
results, and revision of the manuscript. All authors have approved the
submitted version (and any substantially modified version that involves the
author’s contribution to the study) and have agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work, even ones in
which the author was not personally involved, are appropriately investigated,
resolved, and the resolution documented in the literature.

Funding
This work was supported by the UCSD Department of Pediatrics (PEDPCHN
and PEDRIHN). This project was partially supported by the National Institutes
of Health, Grants UL1TR001442 of CTSA and HL121754. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the NIH.

Availability of data and materials
Reference population atlas data are available through the cardiac atlas
project (cardiacatlas.org). The cancer survivor cohort dataset analyzed during
the current study are available from the corresponding author on reasonable
request.

Ethics approval and consent to participate
The study was approved by the City of Hope Institutional Review Board
(Duarte, CA, USA) and all childhood cancer survivor subjects provided
informed consent to participate in the study. Reference data were obtained
from a publicly available dataset and were not subject to ethics approval.

Narayan et al. Cardio-Oncology            (2020) 6:13 Page 8 of 9

https://doi.org/10.1186/s40959-020-00069-5
https://doi.org/10.1186/s40959-020-00069-5
http://cardiacatlas.org


Consent for publication
Not applicable.

Competing interests
A.D.M. and J.H.O. are co-founders of and have an equity interest in Insili-
comed, and A.D.M. has an equity interest in Vektor Medical. A.D.M. and J.H.O.
serve on the scientific advisory board of Insilicomed, and A.D.M. as scientific
advisor to both companies. Some of their research grants have been identi-
fied for conflict of interest management based on the overall scope of the
project and its potential benefit to these companies. The authors are re-
quired to disclose this relationship in publications acknowledging the grant
support; however, the research subjects and findings reported in this study
did not involve the companies in any way and have no specific relationship
with the business activities or scientific interests of either company. The
terms of this arrangement have been reviewed and approved by the Univer-
sity of California San Diego in accordance with its conflict of interest policies.
HKN, RX, NF, SG, DI, LL, EA, SH, AT, BK, SA: These authors declare they have
no competing interests.

Author details
1Department of Pediatrics, University of California San Diego, 9500 Gilman
Drive #0831, La Jolla, CA 92093-0831, USA. 2Department of Family Medicine
and Public Health, University of California San Diego, 9500 Gilman Drive
#0628, La Jolla, CA 92093-0628, USA. 3Department of Mathematics, University
of California San Diego, 9500 Gilman Drive #0112, La Jolla, CA 92093-0112,
USA. 4Department of Bioengineering, University of California San Diego, 9500
Gilman Drive #0412, La Jolla, CA 92093-0412, USA. 5Department of
Population Sciences, City of Hope, 1500 E. Duarte Rd, Duarte, CA 91010, USA.
6Department of Medicine, University of California San Diego, 9500 Gilman
Drive #8811, La Jolla, CA 92093-8811, USA. 7Department of Medicine,
University of Pennsylvania, 3400 Spruce Street, Philadelphia, PA 19104, USA.

Received: 8 May 2020 Accepted: 31 July 2020

References
1. Bates JE, Howell RM, Liu Q, Yasui Y, Mulrooney DA, Dhakal S, et al. Therapy-

Related Cardiac Risk in Childhood Cancer Survivors: An Analysis of the
Childhood Cancer Survivor Study. J Clin Oncol Off J Am Soc Clin Oncol.
2019;37(13):1090–101.

2. Lipshultz SE, Lipsitz SR, Sallan SE, Dalton VM, Mone SM, Gelber RD, et al.
Chronic progressive cardiac dysfunction years after doxorubicin therapy for
childhood acute lymphoblastic leukemia. J Clin Oncol. 2004;23(12):2629–36.

3. Neilan TG, Coelho-Filho OR, Pena-Herrera D, Shah RV, Jerosch-Herold M,
Francis SA, et al. Left ventricular mass in patients with a cardiomyopathy
after treatment with Anthracyclines. Am J Cardiol. 2012;110(11):1679–86.

4. Jordan JH, Castellino SM, Meléndez GC, Klepin HD, Ellis LR, Lamar Z, et al.
Left Ventricular Mass Change After Anthracycline Chemotherapy. Circ Heart
Fail. 2018 ;11(7). Available from: [cited 2020 May 6] https://www.ahajournals.
org/doi/https://doi.org/10.1161/CIRCHEARTFAILURE.117.004560.

5. Medrano-Gracia P, Cowan BR, Ambale-Venkatesh B, Bluemke DA, Eng J,
Finn JP, et al. Left ventricular shape variation in asymptomatic
populations: the multi-ethnic study of atherosclerosis. J Cardiovasc
Magn Reson. 2014;16(1):56.

6. Zhang X, Ambale-Venkatesh B, Bluemke DA, Cowan BR, Finn JP, Kadish AH,
et al. Information maximizing component analysis of left ventricular
remodeling due to myocardial infarction. J Transl Med. 2015;13:343.

7. Armenian SH, Rinderknecht D, Au K, Lindenfeld L, Mills G, Siyahian A, et al.
Accuracy of a novel handheld wireless platform for detection of cardiac
dysfunction in Anthracycline-exposed survivors of childhood Cancer. Clin
Cancer Res. 2018;24(13):3119–25.

8. Fonseca CG, Backhaus M, Bluemke DA, Britten RD, Chung JD, Cowan BR,
et al. The cardiac atlas project—an imaging database for computational
modeling and statistical atlases of the heart. Bioinformatics. 2011;27(16):
2288–95.

9. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich
MG, et al. Standardized image interpretation and post processing in
cardiovascular magnetic resonance: Society for Cardiovascular Magnetic
Resonance (SCMR) board of trustees task force on standardized post
processing. J Cardiovasc Magn Reson. 2013;15(1):35.

10. Goodall C. Procrustes methods in the statistical analysis of shape. J R Stat
Soc Ser B Methodol. 1991;53(2):285–321.

11. Farrar G, Suinesiaputra A, Gilbert K, Perry JC, Hegde S, Marsden A, et al.
Atlas-based ventricular shape analysis for understanding congenital heart
disease. Prog Pediatr Cardiol. 2016;43:61–9.

12. de Simone G, Daniels SR, Devereux RB, Meyer RA, Roman MJ, de Divitiis O,
et al. Left ventricular mass and body size in normotensive children and
adults: assessment of allometric relations and impact of overweight. J Am
Coll Cardiol. 1992;20(5):1251–60.

13. de Simone G, Devereux RB, Daniels SR, Koren MJ, Meyer RA, Laragh JH.
Effect of growth on variability of left ventricular mass: assessment of
allometric signals in adults and children and their capacity to predict
cardiovascular risk. J Am Coll Cardiol. 1995;25(5):1056–62.

14. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under
two or more correlated receiver operating characteristic curves: a
nonparametric approach. Biometrics. 1988;44(3):837–45.

15. Lipshultz SE, Scully RE, Stevenson KE, Franco VI, Neuberg DS, Colan SD, et al.
Hearts too small for body size after doxorubicin for childhood ALL: Grinch
syndrome. J Clin Oncol. 2014;32(15_suppl):10021.

16. Lipshultz SE, Scully RE, Lipsitz SR, Sallan SE, Silverman LB, Miller TL, et al.
Assessment of dexrazoxane as a cardioprotectant in doxorubicin-treated
children with high-risk acute lymphoblastic leukaemia: long-term follow-up
of a prospective, randomised, multicentre trial. Lancet Oncol. 2010;11(10):
950–61.

17. Armenian SH, Gelehrter SK, Vase T, Venkatramani R, Landier W, Wilson KD,
et al. Screening for cardiac dysfunction in Anthracycline-exposed childhood
Cancer survivors. Clin Cancer Res. 2014;20(24):6314–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Narayan et al. Cardio-Oncology            (2020) 6:13 Page 9 of 9

https://doi.org/10.1161/CIRCHEARTFAILURE.117.004560

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study population
	Imaging acquisition and analysis
	Atlas-based left ventricular shape mode derivation
	Statistical analysis

	Results
	Study population
	Left ventricular shape model reproducibility and validity
	Left ventricular size and shape differences between survivors and the reference population
	Left ventricular size and shape differences among survivors by Anthracycline dose

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

