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resection of primary and metastatic sites was planned
after week 10 of chemotherapy in both studies. Echocar-
diograms were to be obtained at baseline, at specified
intervals during therapy, and after completing treatment.
Blood was to be collected at baseline, before and after
doxorubicin administration (30 h after doses 3, 5, 6, 7,
and 8 on P9754 and 24 to 72 h after doses 3 and 5 on
AOST0121), and at the end of treatment.

Echocardiographic and biomarker measurements
Cardiotoxicity was defined by echocardiographic criteria
and by serum concentrations of cardiac troponin-T
(cTnT), which measures injury to cardiomyocytes, and
of N-terminal pro-brain natriuretic peptide (NT-
proBNP), which is elevated in cardiomyopathy associated
with increased myocardial stress from ventricular pres-
sure or volume overload [20–23]. Central re-analyses of
the original echocardiogram tracings from both studies
were performed using computer digital analysis with
methods used previously to establish normative data in
children [24]. Echocardiograms were only included in
this analysis if they were centrally reviewed and the
patient had completed therapy.
Serum cTnT levels were determined at a central labora-

tory using the Elecsys Troponin-T STAT Immunoassay

(Roche Diagnostics Corporation; sensitivity, 0.01 ng/mL);
any detectable amount was considered abnormal. Levels
of NT-proBNP were measured by using the Elecsys
immunoanalyzer (Roche Diagnostics; sensitivity, 5 pg/mL);
the cardiomyopathy risk threshold was defined as ≥100
pg/mL, and the risk threshold for heart failure was defined
as ≥400 pg/mL [25, 26]. Central investigators evaluating
echocardiograms and cardiac biomarkers were blinded to
the patients’ clinical status and treatment assignments but
were aware of the study objectives. Results were not
reported to the care centers.

Second malignant neoplasms
SMN were identified through National Cancer Institute-
mandated adverse event reporting. The cumulative doses
of drugs given that have been associated with increased
SMN risk are shown in Table 1.

Statistical methods
The Proc Mixed Procedure in SAS 9.4 was used for all
regression models with a compound symmetry correla-
tion structure for repeated measures within patients.
The NT-proBNP raw data was log-transformed for
analysis.

Table 1 SMNa Risk

Treatment Arm Dexrazoxane Doxorubicin Ifosfamide Etoposide

AOST0121 HER2+ 3.75 g/m2 375mg/m2 51 g/m2 1.5 g/m2

AOST0121 HER2- 3.75 g/m2 375mg/m2 51 g/m2 1.5 g/m2

P9754 Pilot 1 Good Response 4.5 g/m2 450mg/m2

P9754 Pilot 1 Standard Response 6 g/m2 600mg/m2

P9754 Pilot 2 Good Response 4.5 g/m2 450mg/m2 27 g/m2

P9754 Pilot 2 Standard Response 6 g/m2 600mg/m2 45 g/m2

P9754 Pilot 3 Good Response 4.5 g/m2 450mg/m2 27 g/m2

P9754 Pilot 3 Standard Response 4.5 g/m2 450mg/m2 60 g/m2 1.5 g/m2

aSMN second malignant neoplasms

Table 2 Patient Characteristics

Study and Treatment Arm Mean Age
at
Enrollmenta

Patient Sexb Total Expected
Weeks

Dexc Doxorubicin Trastuzumab

Male Female

AOST0121 AOST0121 HER2 Negative 15.1 (3.6) 33 (60.0%) 22 (40.0%) 55 (100%) 34 3.75 g/m2 375mg/m2 70 mg/kg

AOST0121 HER2 Positive 13.7 (2.7) 19 (47.5%) 21 (52.5%) 40 (100%) 34 3.75 g/m2 375mg/m2

P9754 P9754 Pilot 1 Good Response 13.5 (5.0) 16 (47.1%) 18 (52.9%) 34 (100%) 28 4.5 g/m2 450mg/m2

P9754 Pilot 1 Standard Response 13.9 (4.4) 48 (62.3%) 29 (37.7%) 77 (100%) 29 6 g/m2 600mg/m2

P9754 Pilot 2 Good Response 13.9 (3.9) 7 (33.3%) 14 (66.7%) 21 (100%) 28 4.5 g/m2 450mg/m2

P9754 Pilot 2 Standard Response 13.8 (4.5) 20 (60.6%) 13 (39.4%) 33 (100%) 31 6 g/m2 600mg/m2

P9754 Pilot 3 Good Response 14.3 (4.0) 12 (63.2%) 7 (36.8%) 19 (100%) 28 4.5 g/m2 450mg/m2

P9754 Pilot 3 Standard Response 13.4 (4.6) 20 (54.1%) 17 (45.9%) 37 (100%) 36 4.5 g/m2 450mg/m2

aMean (SD), years
bNumber (%)
cDex, Dexrazoxane
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and concomitant dexrazoxane [12, 13]. We also reviewed
detailed cardiac function data of in 81 patients enrolled
on the two trials who had such data available. Many
patients, especially girls, had echocardiographic abnorm-
alities or elevated concentrations of NT-proBNP after
treatment. Left ventricular end-diastolic septal thickness
and LV mass were significantly smaller for BSA than
normal for both sexes. These echocardiographic changes
persisted: one-third of children evaluated > 81 days after
the METT had significantly smaller LV posterior wall
thicknesses for BSA than normal controls. Girls also had
a significantly smaller LV dimension Z-score which

indicates greater susceptibility to doxorubicin cardiotoxi-
city [7, 15, 28, 29].
Anthracyclines target topoisomerase IIβ to cause DNA

double-strand breaks, impairing transcription and trans-
lation, and they also couple with iron to generate reac-
tive oxygen species. These species, in turn, cause an
irreversible cardiomyocytic mitochondriopathy [8, 9].
Dexrazoxane chelates myocardial iron, preventing it
from coupling with anthracyclines, thus preventing the
mitochondriopathy [19].
Dexrazoxane is an effective cardioprotectant in chil-

dren with acute lymphoblastic leukemia (ALL) [25, 30–
32]. In an early use of dexrazoxane in children with sar-
comas, 38 children were randomly assigned to receive
doxorubicin with or without dexrazoxane [33]. Those
children receiving dexrazoxane were less likely to have
subclinical cardiotoxicity and had smaller declines in LV
ejection fraction [33]. In the current cohort of patients
with OS, none experienced clinical heart failure [12, 13],
and none had any marked changes in LV fractional
shortening Z-scores (Table 5 P = 0.30), or in LV end dia-
stolic septal thickness Z-scores (Table 5 P < 0.01) despite
treatment with trastuzumab and/or with cumulative
doxorubicin doses up to 600 mg/m2. Although our study
was not randomized, we believe the minimal cardiac
changes noted are likely attributable to the significant
cardioprotective benefit of dexrazoxane.
In studies of women with breast cancer, trastuzumab plus

doxorubicin had rates of clinical cardiotoxicity as high as
27% [34]. Trastuzumab alone had a relative risk of 5.11 for
severe heart failure in a meta-analysis of women with breast
cancer [35]. A retrospective study of women with HER2-
positive breast cancer who received doxorubicin and trastu-
zumab showed that the 25% who received dexrazoxane had
significantly fewer cardiac events [36]. Our study supports
this impression that dexrazoxane may mitigate the cardio-
toxicity of doxorubicin given with trastuzumab.
In the > 200 children with ALL randomly assigned to

receive doxorubicin alone or with dexrazoxane, cTnT
and NT-proBNP concentrations increased significantly
in children who received doxorubicin alone [31]. These
increases were related to abnormal echocardiographic
findings 4 years later [25]. In the OS studies reported
here, all patients received dexrazoxane, and none of the
evaluable children and adolescents had elevated concen-
trations of cTnT. The NT-proBNP concentrations over-
all did not reach levels of concern for heart failure risk
in either study, with only one girl having a value in the
range of heart failure risk (Figures 2 and 3). In P9754,
NT-proBNP concentrations were significantly higher in
girls than in boys at the end of therapy and remained
high but never indicated heart failure (Figure 2). In
AOST0121 we had few NT-proBNP measurements
available for analysis. At the end of therapy some

Table 6 Cardiac and NT-proBNP Measurements

Prediction Factor, Model Pa

Left Ventricular End-Diastolic Dimension Z-Scores

Univariate Model

Sex 0.04

Final Model

Assessment Pointb 0.77

Sex2 0.74

Assessment Point* Sex Interaction Term < 0.01

Male Slopec 0.02

Female Slopec 0.02

NT pro-BNP, Both Studies Combined

Sex 0.02

NT pro-BNP, P9754

Univariate Models

Assessment Point 0.02

Sex 0.02

Final Model

Assessment Point < 0.01

Sex < 0.01

Assessment Point * Sex Interaction Termd 0.59

NT pro-BNP, AOST0121e

Final Model

Assessment Pointf 0.05

Sex 0.03

Assessment Point * Sex Interaction Term 0.03

Male Slopec 0.03

Female Slopec,f 0.08
aAll P-value are Type 3 p-values from models produced by Proc Mixed in SAS
9.4, unless otherwise specified
bThe main effects in the final model were not significant, but were kept
because their interaction term was significant
cP-value obtained by a linear hypothesis H0: Slope = 0 using Proc Mixed in
SAS 9.4
dThe interaction term for assessment point and sex was not found to be
significant and was dropped from the final model
eNeither assessment point nor sex were significant in their respective
univariate models
fMarginally significant
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measurements were elevated for boys, which decreased
with time. The findings in boys are consistent with the
acute cardiotoxicity profile of trastuzumab, as the cardi-
otoxicity is often reversible once it is stopped [34, 35, 37,
38]. In the girls NT-proBNP slightly increased yet overall
the concentration did not reach cardiomyopathy risk
(Fig. 3).

Our finding that girls had more progressive abnormal-
ities of LV structure (decreased LV wall thickness
Z-scores, LV mass Z-scores and LV end-diastolic dimen-
sion Z-scores) than boys indicates that doxorubicin-
treated girls have hearts that are disproportionately small
for body size, increasing their ventricular stress as
indicated by a statistically significant increase in NT-

Fig. 1 Changes in Left Ventricular End-Diastolic Dimension Z-scores in Patients, by Sex

Fig. 2 Risk of Cardiomyopathy and Heart Failure, by NT-proBNP, among Patients Enrolled on P9754, by Time Since Completing Treatment and
Sex. Cardiomyopathy and heart failure risk thresholds for this NT-proBNP assay in children with cardiomyopathy have been determined to be
≥100 pg/mL and≥ 400 pg/mL, respectively [25, 26]. The y-axis of this figure shows the log transformed values of NT-proBNP. The horizontal lines
indicating cardiomyopathy and heart failure thresholds correspond to 100 pg/mL and 400 pg/mL, respectively before they were log transformed
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in 81% of patients). Also, as the follow up period was
short it is possible patients may have developed cardio-
toxicity later in follow up. The substantial amount of
missing data could have biased our results. Nonetheless,

the absence of cardiotoxicity in children and adolescents
receiving high-dose anthracycline therapy supports the
conclusion that dexrazoxane is cardioprotective. There
was no suggestion of an increased incidence in SMN.

Table 7 Echocardiographic and NT-proBNP of Patients After METTa (28 weeks)b

Variable LV Fractional
Shortening Z-scores

LV End-Diastolic
Dimension Z-scores

LV End-Diastolic Posterior
Wall Thickness Z-scores

LV Thickness to
Dimension Ratio
Z-scores

End-Diastolic Septal
Thickness Z-scores

LV Mass Z-scores NT-proBNPc

Overall n = 81 n = 78 n = 78 n = 82 n = 70 n = 74 n = 59

x = − 0.19 x = − 0.49 x = − 0.29 x = − 0.23 x = − 0.84 x = − 0.74 GM = 47.3

(− 0.54, 0.17) (− 0.76, − 0.21) (− 0.60, 0.02) (− 0.53, 0.07) (− 1.2, − 0.48) (− 1.06, − 0.42) (36.3, 61.6)

P = 0.30 P < 0.01 P = 0.06 P = 0.13 P < 0.01 P < 0.01 P < 0.01

Sex

Female n = 32 n = 30 n = 30 n = 33 n = 27 n = 29 n = 28

x = − 0.46 x = − 0.82 x = − 0.57 x = − 0.29 x = − 1.20 x = − 1.23 GM = 63.2

(− 1.02, 0.10) (−1.24, − 0.40) (− 1.04, − 0.09) (− 0.75, 0.16) (−1.76, − 0.64) (− 1.71, − 0.75) (43.8, 91.4)

P = 0.10 P < 0.01 P = 0.02 P = 0.20 P < 0.01 P < 0.01 P = 0.02

Male n = 49 n = 48 n = 48 n = 49 n = 43 n = 45 n = 31

x = 0.00 x = − 0.26 x = − 0.10 x = − 0.18 x = − 0.60 x = − 0.39 GM = 36.1

(− 0.46, 0.47) (− 0.60, 0.08) (− 0.50, 0.30) (− 0.57, 0.21) (− 1.06, − 0.15) (−0.80, 0.01) (25.3, 51.6)

P = 0.99 P = 0.14 P = 0.63 P = 0.36 P = 0.01 P = 0.06 P < 0.01

Study

AOST0121 n = 8 n = 5 n = 5 n = 9 n = 5 n = 5 n = 15

x = − 0.70 x = − 0.61 x = − 0.64 x = 0.10 x = −3.82 x = − 0.86 GM = 60.5

(−2.06, 0.67) (−1.82, 0.59) (− 2.06, 0.78) (−0.97, 1.17) (−5.05, − 2.59) (−2.23, 0.50) (35.0, 104.6)

P = 0.31 P = 0.31 P = 0.37 P = 0.85 P < 0.01 P = 0.21 P = 0.07

P9754 n = 73 n = 73 n = 73 n = 73 n = 65 n = 69 n = 44

x = −0.15 x = − 0.48 x = − 0.27 x = − 0.26 x = − 0.63 x = − 0.73 GM = 43.9

(−0.52, 0.22) (−0.76, − 0.20) (−0.59, 0.04) (− 0.57, 0.05) (− 0.96, − 0.31) (− 1.07, − 0.40) (32.4, 59.3)

P = 0.43 P < 0.01 P = 0.09 P = 0.10 P < 0.01 P < 0.01 P < 0.01

Assessment Pointd

0 to 37 days n = 48 n = 48 n = 45 n = 45 n = 40 n = 38 n = 30

x = −0.18 x = −0.38 x = − 0.40 x = − 0.43 x = − 0.39 x = − 0.67 GM = 32.6

(−0.72, 0.35) (−0.75, − 0.01) (−0.85, 0.05) (− 0.90, 0.03) (− 0.80, 0.03) (− 1.13, − 0.20) (18.4, 57.7)

P = 0.49 P = 0.05 P = 0.08 P = 0.06 P = 0.07 P < 0.01 P = 0.01

38 to 81 days n = 42 n = 40 n = 38 n = 41 n = 36 n = 32 n = 32

x = −0.13 x = −0.60 x = 0.15 x = 0.15 x = −0.82 x = −0.43 GM = 45.2

(−0.70, 0.43) (−1.00, − 0.21) (−0.33, 0.64) (− 0.33, 0.63) (− 1.24, − 0.40) (−0.93, 0.07) (26.4, 77.3)

P = 0.64 P < 0.01 P = 0.53 P = 0.53 P < 0.01 P = 0.09 P = 0.01

> 81 days n = 39 n = 37 n = 37 n = 40 n = 29 n = 36 n = 34

x = −0.24 x = −0.51 x = − 0.57 x = − 0.35 x = − 1.46 x = − 1.06 GM = 67.6

(−0.82, 0.34) (−0.91, − 0.10) (− 1.05, − 0.09) (−0.83, 0.12) (− 1.91, − 1.02) (−1.53, − 0.60) (39.9, 114.5)

P = 0.41 P = 0.01 P = 0.02 P = 0.14 P < 0.01 P < 0.01 P = 0.11
aMETT minimal expected treatment time
bIn the Z-score columns, a Z-score of 0 represents the average value for a healthy child of the same age
cNT-proBNP is a raw score. Analysis for the NT-proBNP was done using a natural log transformation to better adhere to the normality assumption for
regression. The back-transformed NT-proBNP numbers are presented here for ease of interpretability. Due to the back transformations, these represent
geometric means (GM). The P-value is from the two-sided hypothesis test with null hypothesis H0: the population GM is 100
dAssessment Point is the measure in days after the minimum expected treatment (28 weeks/196 days) and broken up into tertiles based on the 33.3rd
and 66.7th percentiles of the assessment points of all measurements. Due to multiple measurements per patient, it is possible for patients to be in
multiple tertiles
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Conclusions
Our study adds to the literature derived from rando-
mized trials that show evidence of dexrazoxane cardio-
protection [30, 32, 33, 45]. As the number of childhood
cancer survivors increases [46] the use of dexrazoxane
may reduce the total cumulative burden for this
vulnerable and medically complex population. Initial
data from the ongoing COG ALTE11C2 protocol has
demonstrated that with 16 years follow-up dexrazoxane
is associated with statistically significant long-term cardi-
oprotection, as evidenced by better LV function
(fractional shortening) and lower levels of brain natriure-
tic peptides in multivariate analyses, when compared
with anthracycline-treated patients who did not receive
dexrazoxane [45]. Further, pharmacoeconomic analyses
have indicated that the balance of additional costs driven
by dexrazoxane compared with savings from a reduction
in cardiology-associated costs and hospitalizations
favored the use of dexrazoxane, a point that is important
as we strive to reduce survivors’ chronic health condition
burden [4, 47].
Our data support the conclusion that dexrazoxane

should be recommended for use in all children and
adolescents with OS from the initiation of
doxorubicin therapy, particularly in girls, who exhibit
more cardiotoxicity than boys at equal cumulative
doses. This is consistent with the new EMA indica-
tions and also takes into account that irreversible

cardiomyocyte injury occurs from the first anthracy-
cline dose, regeneration of cardiomyocytes is limited,
drug therapy can only partially restore normal cardiac
function, and the incidence of cardiac damage will
increase with the duration of survival of pediatric
cancer patients [4, 48].
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