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Abstract

Background Cardiotoxicity is among the most important adverse effects of childhood cancer treatment. Anthra-
cyclines, mitoxantrone and radiotherapy involving the heart are its main causes. Subclinical cardiac dysfunction may
over time progress to clinical heart failure. The majority of previous studies have focused on late-onset cardiotoxicity.
In this systematic review, we discuss the prevalence and risk factors for acute and early-onset cardiotoxicity in children
and adolescents with cancer treated with anthracyclines, mitoxantrone or radiotherapy involving the heart.

Methods A literature search was performed within PubMed and reference lists of relevant studies. Studies were eligi-
ble if they reported on cardiotoxicity measured by clinical, echocardiographic and biochemical parameters routinely
used in clinical practice during or within one year after the start of cancer treatment in > 25 children and adolescents
with cancer. Information about study population, treatment, outcomes of diagnostic tests used for cardiotoxicity
assessment and risk factors was extracted and risk of bias was assessed.

Results Our PubMed search yielded 3649 unique publications, 44 of which fulfilled the inclusion criteria. One
additional study was identified by scanning the reference lists of relevant studies. In these 45 studies, acute and early-
onset cardiotoxicity was studied in 7797 children and adolescents. Definitions of acute and early-onset cardiotoxicity
prove to be highly heterogeneous. Prevalence rates varied for different cardiotoxicity definitions: systolic dysfunc-
tion (0.0-56.4%), diastolic dysfunction (30.0-100%), combinations of echocardiography and/or clinical parameters
(0.0-38.1%), clinical symptoms (0.0-25.5%) and biomarker levels (0.0-37.5%). Shortening fraction and ejection fraction
significantly decreased during treatment. Cumulative anthracycline dose proves to be an important risk factor.

Conclusions Various definitions have been used to describe acute and early-onset cardiotoxicity due to childhood
cancer treatment, complicating the establishment of its exact prevalence. Our findings underscore the importance

of uniform international guidelines for the monitoring of cardiac function during and shortly after childhood cancer
treatment.
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Background

In the last few decades, treatment of childhood cancer
has improved substantially, with five-year survival rates
in high-income countries exceeding 80% [1]. However,
childhood cancer survivors (CCS) are subject to adverse
effects of cancer treatment, such as cardiotoxicity. Treat-
ment with anthracyclines (e.g., doxorubicin, daunoru-
bicin, epirubicin), anthraquinones (i.e., mitoxantrone)
and radiotherapy involving the heart are major causes of
cardiotoxicity [2—4]. Through mechanisms not yet fully
understood, cardiotoxic changes lead to reduced cardio-
myocyte contractility, progressing to myocardial fibrosis,
arrhythmia and clinical heart failure [5, 6]. Some of these
changes are irreversible: even decades after cancer treat-
ment, morbidity and mortality due to cardiac disease
remain significantly higher in CCS compared to the nor-
mal population (7, 8].

Cardiotoxicity may be characterized as acute, early-
onset or late-onset, which is defined as myocardial dam-
age occurring within a week, within a year, or more than
a year after start of treatment, respectively [9]. This sub-
division is somewhat arbitrary, and likely represents dif-
ferent stages of damage to cardiomyocytes, myocardial
remodeling, partial recovery of cardiomyocytes, and
functional adaptation. This process may be accelerated
by accumulation of cardiotoxic therapy effects, ageing
and lifestyle factors (such as smoking and obesity). The
timing of, at first, subclinical cardiac dysfunction and,
later on, clinical heart failure differs between individual
patients, and is probably subject to risk factors that, at
the moment, remain largely unknown [10-12].

The majority of previous studies have focused on late-
onset cardiotoxicity and have reported subclinical cardi-
otoxicity in 0-57% [13] and heart failure in 0-16% [14] of
CCS after cancer treatment with anthracyclines. Because
of the high risk of late-onset cardiotoxicity, international
guidelines (including the International Late Effects of
Childhood Cancer Guideline Harmonization Group
Cardiomyopathy guideline) recommend life-long echo-
cardiographic screening every three to five years in CCS
treated with anthracyclines or radiotherapy involving
the heart [15-19]. However, early detection of subclini-
cal cardiac damage in children and adolescents is crucial
to initiate treatment at an early stage, provide optimal
circumstances for cardiac recovery and remodeling, and
hopefully prevent progression of myocardial disease into
clinical heart failure [10, 20, 21]. In 1992, the Cardiol-
ogy Committee of the Children’s Cancer Study Group
formulated recommendations for cardiac monitoring
of children duringcancer treatment with anthracyclines
[22]. Despite these recommendations, we saw a wide
variation in recommendations for cardiac monitoring
used in European pediatric oncology protocols, possibly
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explained by the lack of evidence from clinical research
[23]. Until now, systematic reviews on acute and early-
onset cardiotoxicity are lacking.

In this systematic review, we evaluated the existing evi-
dence on acute and early-onset cardiotoxicity in children
and adolescents (between 0 and 21 years of age, here-
after simply denoted as ‘children’) with cancer treated
with anthracyclines, mitoxantrone and/or radiotherapy
involving the heart. We report its prevalence according
to the different cardiotoxicity definitions in use, as well
as the changes of echocardiographic parameters and
biomarker levels during and up to one year after child-
hood cancer treatment. Finally, we assess the evidence
on risk factors associated with acute and early-onset
cardiotoxicity.

Methods

Search strategy

We searched PubMed/Medline with a combination of
terms for “children’, “childhood cancer’, “cancer’, “anthra-
cyclines’, “mitoxantrone’, “radiotherapy involving the
heart’, “cardiomyopathy/heart failure’, “biomarkers” and
“ECG” (Additional file 1). The search was executed until
May 12%, 2022. In addition, we explored the reference
lists of included studies and reviews. Experts in the field
provided information on additional studies.

Study selection

All abstracts were screened by two researchers indepen-
dently. For studies presumably meeting inclusion crite-
ria, full-text screening was performed by two researchers
independently. Disagreements about study inclusion or
exclusion were settled by consensus and if that was not
possible by third party arbitration.

Studies were included or excluded using an a priori
defined study protocol. Criteria for inclusion were: (1)
original studies involving at least 25 eligible participants;
(2) >90% of which were younger than 21 years at child-
hood cancer diagnosis; (3) treated with anthracyclines,
mitoxantrone and/or radiotherapy involving the heart;
(4) published in English or Dutch from 2000 onwards; (5)
that reported the occurrence of and/or risk factors (identi-
fied by a multivariate analysis) associated with acute and
early-onset cardiotoxicity measured by clinical, echocar-
diographic and biochemical parameters routinely used in
clinical practice during or within one year after the start
of cancer treatment. Both clinical and subclinical abnor-
malities were considered outcomes of interest: clinical
signs and symptoms of heart failure, biomarker levels
(troponin (Tn), brain natriuretic peptide (BNP) and is
prohormone (proBNP, NT-proBNP) and creatine kinase
(CK)) and several left ventricular (LV) echocardiographic
parameters (fractional shortening (FS), ejection fraction
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(EF), global longitudinal strain (GLS), E/A ratio and Tei
index). Definitions of cardiotoxicity were used as defined
in the included studies.

Criteria for exclusion were as follows: (1) case reports
and case series with a description of non-consecutive
participants; (2) studies in which the number of children
with comorbidity of cardiac disease (like ejection frac-
tion <50%, valvular heart disease or severe hypertension)
at the time of cancer diagnosis exceeded 10%; (3) studies
in which the number of children with recurrent malig-
nant disease exceeded 10%; and (4) studies in which the
number of children who received cardioprotective inter-
ventions (such as dexrazoxane) exceeded 10%. Cut-off
values used in the in- and exclusion criteria were chosen
with the aim to prevent missing important data whilst
not allowing an excess of data that does not pertain to
our population of interest.

Studies also including participants that were not eli-
gible for inclusion in this review were only included if
separate data were available for eligible participants.
From studies reporting on acute and early-onset car-
diotoxicity as well as late-onset cardiotoxicity, we only
included the results that were obtained no more than
one year after start of treatment. For studies with a rand-
omized controlled trial design comparing arms receiving
cardioprotective interventions with arms not receiving
cardioprotective interventions, the arms not receiving
cardioprotective interventions were considered as pro-
spective cohort studies. When multiple studies were pub-
lished on the same cohort, the study including the largest
eligible patient population was included.

Data extraction

Data extraction was performed by one researcher using
a fixed data extraction form and reviewed independently
by another researcher. In case of discrepancies that could
not be settled by consensus, third-party arbitration was
applied.

Risk of bias assessment

Risk of bias was assessed by one researcher and reviewed
independently by another researcher. In case of discrep-
ancies that could not be settled by consensus, third-party
arbitration was applied. Assessment was based on previ-
ously described checklists according to evidence-based
medicine criteria [24, 25] as recommended by Cochrane
Childhood Cancer (https://childhoodcancer.cochrane.
org/). The different risk of bias criteria are defined in
Additional file 2.

Statistical analysis
We calculated the prevalence rate (hereafter sim-
ply denoted as ‘prevalence’) of acute and early-onset
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cardiotoxicity as the number of children with cancer with
acute and/or early-onset cardiotoxicity divided by the
total number of children with cancer treated with anthra-
cyclines, mitoxantrone and/or radiotherapy involving the
heart. The accompanying 95% confidence interval (CI)
was calculated using the Wilson score interval method
[26]. We would have performed pooling of results if stud-
ies had been sufficiently homogeneous with regard to for
example study design, patient and treatment characteris-
tics and outcome definitions; this was not the case and
therefore we provide descriptive results.

Results

Included studies

The study selection flowchart is presented in Fig. 1. The
search yielded 3649 unique reports, of which 3152 were
excluded after title and abstract screening. Full-text
screening was performed for the remaining 497 reports,
of which 44 fulfilled the inclusion criteria for this review
[27-70]. One additional study [71] was identified after
scanning the reference lists of the included studies and
of review articles addressing our research question. No
additional studies were identified by experts in the field,
leading to a total number of included studies of 45. Of
these studies, 19 described retrospective cohorts and 20
described prospective cohorts. The remaining six stud-
ies were randomized controlled trials comparing arms
receiving cardioprotective interventions with arms not
receiving cardioprotective interventions. A study by Pou-
rier et al. [72] was excluded since the study group was a
subset of the larger cohort reported in the included study
by Mavinkurve-Groothuis et al. [49] We presume that the
publications of Al-Biltagi et al. [28] and El-Shitany et al.
[37] comprise the same patient cohort. As the outcomes
differed, we decided to present the results of both publi-
cations. An overview of the included studies is presented
in Table 1, data extraction forms for the included studies
are provided in Additional file 3.

In total, 7797 subjects in 45 studies were eligible for
this review, with the number of participants per study
ranging from 25 to 1022. An overview of the oncologic
diagnoses is provided in Additional file 4. Age at cancer
diagnosis ranged from 0 to 19.6 years. Mean and median
age at cancer diagnosis ranged from 3.6 to 15.4 years and
from 2 to 15.4 years, respectively. Six studies did not pro-
vide exact information on age.

Follow-up duration was reported in 15 publications
[29-32, 40, 50, 51, 57, 59-61, 63, 67—69], either as mean,
median or range. In these studies, follow-up duration
ranged from 0.0 to 28.4 years; mean and median fol-
low-up duration ranged from 5.6 to 8.5 years and from
1.7 to 8.9 years, respectively. Baseline (before treatment
with anthracyclines, mitoxantrone and/or radiotherapy
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Total of unique
records identified
from initial Pubmed
search N=3649
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Excluded after title/

Full-text articles
assessed for
eligibility N=497

abstract screening
N=3152

Full-text articles excluded N=453

- Ineligible study design (e.g. case reports or review articles,
<25 subjects) N=92

- Ineligible study population (e.g. >10% of subjects older than
21 years, >10% subjects with comorbid cardiac disease, >10%
subjects with recurrent disease, >10% of subjects received

Studies added after
scanning reference
lists of included
studies and reviews »
and consulting
experts in the field
N=1

Studies included in
analyses N=45

Fig. 1 Flowchart of Study Inclusion

involving the heart) was defined as the start of follow-
up in 30 publications [27, 28, 30-42, 46—49, 51-54, 57,
61, 62, 64, 65, 70, 71]. Two publications defined the first
dose of anthracyclines as the start of follow-up [56, 60],
two other publications defined the end of therapy as the
start of follow-up [50, 69]. The start of follow-up was
not defined in the remaining 11 publications [29, 43-45,
55, 58, 59, 63, 66—68]. In the following sections, we have
reported only results obtained no more than one year
after the start of treatment.

All participants of all studies received anthracyclines.
As reported in Table 1, different anthracycline com-
pounds and sometimes combinations of anthracycline
compounds were used. Actual received cumulative doses
of anthracyclines were reported in 21 studies, includ-
ing 3960 children, either as mean, median or range. Of
these 21 studies, 13 studies reported cumulative doses of
specific anthracycline compounds. Three studies did not
specify which anthracycline compounds were admin-
istered but provided equivalence ratios for the reported
anthracycline doses; five studies reported anthracycline
doses without providing equivalence ratios. Cumulative
doses ranged from 10.4 to 1025 mg/m? (mean 28.7 to
365 mg/m?, median 120.5 to 375 mg/m?).

In 11 studies, mitoxantrone administration was
reported; 12 studies reported that no mitoxantrone had
been administered. Actual received cumulative doses

cardioprotective interventions) N=146

- Ineligible outcome definition N=169

- Data on acute and early-onset cardiotoxicity not
distinguishable from data on late-onset cardiotoxicity N=4
- Publication date before 2000 N=23

- Overlapping cohorts N=1

- Other N=18

were reported separately in four studies, including 53
children treated with mitoxantrone, either as mean,
median or range. Cumulative doses ranged from 12 to
120 mg/m? (mean 21.8 to 106 mg/m? median 12 to
45 mg/m?).

Radiotherapy involving the heart was reported in 11
studies; six studies reported that no patients had received
radiotherapy involving the heart. Six studies, includ-
ing 143 children treated with radiotherapy involving
the heart, reported on dosing. Doses ranged from 0 to
55.8 Gy (median 4.3 to 50 Gy). The reported doses refer
to the whole radiation field, only one of the studies spe-
cifically reported on heart dosimetry [69].

Risk of bias in included studies

Scores for the different risk of bias categories per study
are summarized in Additional file 5; see Additional
file 3 for substantiation of the assessment. With regards
to internal validity, the risk of selection bias was low in
eight studies (17.8%), high in ten studies (22.2%), and
unclear in 27 studies (60.0%), as the original cohort
from which the study group was selected was often not
described. The risk of attrition bias for all diagnostic
tests used for cardiotoxicity assessment was low in 21
studies (46.7%), high in ten studies (22.2%), and unclear
in eight studies (17.8%). In the remaining six studies
(13.3%), the risk of attrition bias was either different for
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the separate diagnostic tests used, or different for the
same test at separate time points (see Additional file 3).
The risk of detection bias in the 41 studies describing
echocardiography was low in seven studies (17.1%),
high in one study (2.4%), and unclear in the remain-
ing 33 (80.5%). The risk of detection bias was consid-
ered low for biomarker levels, as blinding was deemed
irrelevant for outcomes diagnosed by laboratory tests.
In the 12 studies describing clinical assessment, only
one study (8.3%) reported blinding of outcome asses-
sors, therefore, the risk of detection bias was unclear
in the remaining 11 studies (91.7%). Only three stud-
ies (6.7%) performed a multivariate analysis focused on
risk factors for acute and early-onset cardiotoxicity, but
as several prognostic factors for cardiac function were
not taken into account, the risk of confounding was
regarded high in all three studies.

Regarding external validity, the study group was well-
defined in 18 studies (40.0%) and not well-defined in
27 studies (60.0%); the main reason being the reporting
of per protocol rather than actual received cumulative
anthracycline doses. Follow-up was well-defined in 20
studies (44.4%) and not well-defined in 25 studies (55.6%)
as often the duration of follow-up was not reported and
the starting and end points of follow-up were unclear.
The outcome was well-defined in 28 studies (62.2%) —
meaning a definition of abnormal outcome was provided
for all of the performed diagnostic tests — and not well-
defined in 17 studies (37.8%). In all three studies that
performed a multivariate risk factor analysis, a clear defi-
nition of risk estimation analysis was provided.

Reporting of cardiotoxicity in included studies

The included studies reported cardiotoxicity based on
echocardiography, clinical symptoms, biomarker levels
or combinations of these modalities. Most studies did
not separate acute from early-onset cardiotoxicity. Pool-
ing of results was not feasible, due to the heterogeneity
among the included studies regarding treatment, age at
diagnosis, and the cardiotoxicity definitions that were
used. Reporting of cardiotoxicity proved to be highly het-
erogeneous. In 20 studies [30-32, 34, 35, 39, 40, 50, 51,
55, 59-61, 63, 65-70], only dichotomous outcomes were
reported, i.e. a definition of cardiotoxicity was provided
with a prevalence. In seven studies [28, 37, 44, 47, 53, 54,
62], only continuous results were reported, ie. results
of diagnostic tests were provided without a definition of
abnormal values. The remaining 18 studies [27, 29, 33,
36, 38, 41-43, 45, 46, 48, 49, 52, 56-58, 64, 71] reported
dichotomous as well as continuous results.

Page 10 of 26

Prevalence of cardiotoxicity

An overview of the prevalence of cardiotoxicity for all
used outcome definitions, as well as the timing of onset,
is presented in Table 2.

Echocardiography - systolic dysfunction

For echocardiographic outcomes, the definition of abnor-
mal was based either on various absolute values, or
decreases relative to the baseline, or on combinations of
both.

In seven studies including 886 patients, with the num-
ber of patients per study ranging from 30 to 458 patients,
cardiotoxicity was defined as a decrease in LV FS. The
prevalence of abnormal FS ranged from 0.0 to 40.0%.

Another eight studies including 530 patients (29 to 112
patients per study) defined cardiotoxicity as a decrease
in LV EF. Abnormal values were found in 0.0 to 17.9% of
patients.

Two studies including 178 patients (29 and 149
patients, respectively) used cardiotoxicity definitions
combining absolute values of FS and EF; reported preva-
lences were 0.0% and 20.8%, respectively.

Only one study, including 39 patients, considered GLS
in defining cardiotoxicity. Abnormal values were found in
56.4% of the study group.

Echocardiography - diastolic dysfunction

Two studies based their definition of cardiotoxicity on
diastolic parameters. One study including 251 patients
defined cardiotoxicity as an E/A ratio<1, and described
a prevalence of 36.3%. Another study including 30
patients considered a Tei index of>0.35 to be indicative
of diastolic dysfunction. The prevalence of diastolic dys-
function in this cohort ranged from 30.0% in patients
who received <200 mg/m? of anthracyclines to 100% in
patients who received > 400 mg/m?

Combination of echocardiographic and/or clinical
parameters

A total of nine studies including 2973 patients (46 to 885
patients per study) used different versions of the National
Cancer Institute — Common Terminology Criteria for
Adverse Events (NCI CTCAE) to define cardiotoxicity.
Prevalence of cardiotoxicity ranged from 0.0 to 35.2%.

One study including 42 patients defined cardiotoxicity
as FS<28% or increased LV diastolic or systolic diameter
for age, and found a prevalence of 38.1%.

In seven studies, including 967 patients (39 to 368
patients per study), the definition of cardiotoxicity was
based on both abnormal echocardiography param-
eters and clinical symptoms. Between these studies, the
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echocardiographic parameters varied highly and included
ES, EE ventricular dilation and E/A reversal. Clinical
symptoms were, by some authors, further elaborated as
‘clinical heart failure; ‘heart failure symptoms; ‘evidence
of clinical congestive heart failure’ and ‘cardiomyopathy,
valve abnormality or arrhythmia leading to cardiology
referral or cardiac medication initiation’ Prevalence of
cardiotoxicity in these studies ranged from 0.0 to 30.8%.

Clinical symptoms

In five studies, including 1963 patients (36 to 885 patients
per study), cardiotoxicity was based only on clinical
symptoms. Of these studies, four did not further define
those symptoms. Prevalence of cardiotoxicity ranged
from 0.0% to 25.5%. In the final study, including 830
patients, congestive heart failure was defined as ‘the
presence of following clinical signs: dyspnea, pulmonary
oedema, peripheral oedema and/or exercise intolerance,
which were treated with anticongestive therapy’ A preva-
lence of 1.9% was found.

Biomarker levels

Six studies including 374 patients (29 to 114 patients
per study) defined cardiotoxicity by means of various
elevated biomarker levels. In four studies, including
305 patients, (cardiac) troponin T was used. Abnormal
results were found in 0.0 to 8.8% of participants.

In two studies, including 141 patients, (cardiac) tro-
ponin I was measured. The prevalence of abnormal
results was 6.9 and 0.0%, respectively.

Three studies, including 193 patients, defined cardio-
toxicity based on brain natriuretic peptide and its pro-
hormone; the prevalence of abnormal results ranged
from 19.5 to 37.5%.

Echocardiography - continuous results

See Table 3 for a detailed overview of continuous echo-
cardiographic outcomes before and after cardiotoxic
childhood cancer treatment.

Fractional shortening
A total of 19 studies presented FS values. In 13 studies
comparing FS before and up to a year after cardiotoxic
cancer treatment, including 1298 patients (25 to 661
patients per study), mean baseline values varied between
34.5 and 41.4%, whilst mean post-treatment values varied
between 29.4 and 40.4%. All studies found significantly
lower post-treatment than baseline FS values. One study
in 172 patients reported a mean post-treatment FS of
35.6%, but did not report baseline values.

Four studies including 569 patients (39 to 276 patients
per study) reported on FS in relation to received cumu-
lative anthracycline dose. These studies all found lower
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ES in patients who received higher cumulative anthra-
cycline doses, although the difference was not always
significant.

One last study including 264 patients did not report
absolute FS values, but rather expressed measurements
as z scores in relation to measurements in 285 healthy
children. They found a z score of 0.37 at baseline, and a
z score of -1.68 at the end of doxorubicin treatment. The
authors did not report on the significance of the change.

Ejection fraction

Thirteen studies reported on EF values. Mean EF before
and up to a year after cardiotoxic cancer treatment were
compared in six studies, including 361 patients (29 to 112
patients per study). Mean baseline values varied between
60.2 and 75.2%, mean post-treatment values varied
between 54.9 and 68.4%. Four studies tested the sig-
nificance of these differences and all found significantly
lower post-treatment than baseline EF values.

One study including 36 patients compared mean EF
after cardiotoxic cancer treatment (65.7%) with mean
EF in healthy controls (66.6%); the difference was not
significant.

One study including 48 patients reported a median EF
value of 63% at baseline and 62% at one year after diagno-
sis; the difference was not significant.

Four studies, including 569 patients (39 to 276 patients
per study), related EF values to received cumulative
anthracycline dose. Patients who received higher doses
of anthracyclines had lower EF values in all studies,
although the difference was not always significant.

Finally, a study in 100 patients reported a mean EF of
67.7% at baseline, and reported mean EF values sepa-
rately for subgroups with normal and decreased right
ventricular GLS (64.3 and 65.8%, respectively). The dif-
ference between both subgroups was not statistically
significant.

Global longitudinal strain

In nine studies, GLS was measured. Seven publications,
including 321 patients (25 to 112 patients per study),
reported mean values before and up to one year after
cardiotoxic cancer treatment. In those studies, mean
baseline values varied between -17.9 and -24.4%, mean
post-treatment values varied between -15.1 and -24.2%.
All studies found lower post-treatment than baseline
GLS values. Significance of these differences was found in
some, but not all studies.

One study including 36 patients compared mean GLS
after cardiotoxic cancer treatment (-17.9%) with mean
GLS in healthy controls (-22.2%), the difference was sta-
tistically significant.
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Table 3 Left ventricular echocardiographic parameters before and after therapy in children with cancer treated with anthracyclines,
mitoxantrone and/or radiotherapy involving the heart

Study Numberof  Parameter value before Timing of Parameter value after therapy? P value
participants therapy® measurement after
therapy®
Fractional shortening (%)
Agha 2016 [27] 30 38.70£3.93 Acute/early 36.00+5.00 <0.01
Al-Biltagi 2012 [28] 25 40+4.87 Acute 33.5+6.58 0.02
De Matos Neto 2006 [36] 37 37.03£3.66 Acute/early 35.26+391 nm
El Amrousy 2022 [62] 30 40.7+52 Acute/early 36+38 nm
El-Shitany 2012 [37] 25 40+4.62 Acute/early 335+6.24 <0.05
Erkus 2007 [38] 29 39.6£2.9 Early 36.6+29 <0.05
Hagag 2019 [42] 40 356+1.93 Acute/early 2935+1.63 <0.001
36,32-38 29,27-33 nm
Hu 2018 (2) [44] 131 nm Acute/early Cumulative PIR dose < 100 mg/m? -
3722+3.56
Cumulative PIR 0874
dose > 100/ < 200 mg/m?:
37.37+501
Cumulative PIR dose =200 mg/m?  0.002 #
36.54+4.8
Kang 2012 [46] 123 41.0+52 Acute/early Cumulative ANT dose 100 mg/m%  nm
38.6+6.2
Cumulative ANT dose 200 mg/m?%  nm
372448
Cumulative ANT dose 300 mg/m?%  nm
352%6.0
Cumulative ANT dose 400 mg/m%  nm
342+65
Cumulative ANT dose 500 mg/m?%  nm
335480
Kremer 2002 [13] 38 405+37 Acute/early 364+46 nm
Krischke 2016 [48] 101 39+8.1 Early 37.6+6.6 nm
Linares Ballesteros 2021 [64] 112 ALL SR: 34.5,19-43 Acute/early ALL SR:33.0,31-40 nm
ALLIR:37.0, 27-46 ALLIR: 34.1,22-42 nm
ALL HR: 36.0, 23-46 ALL HR: 34.5, 25-43 nm
AML: 37.0, 34-48 AML: 34.0,21-42 nm
Mavinkurve-Groothuis 2013 [49] 60 40£5 Early 35+3 <0.0001
Oztarhan 2011 [52] 276 43.19£4.19 Acute/early Cumulative ANT dose 30-90 mg/  nm
m%43.19+5.28
Cumulative ANT dose 120- nm
180 mg/m% 41314701
Cumulative ANT dose>210mg/  nm
m?40.15+6.11
S&gi 2018 661 414+60 Acute/early 404+£6.1 nm
Shaikh 2013 [59] 110 36.6£2.6 Acute/early 329450 <0.001
Stéhr 2006 [57] 172 nm Acute/early 35.6+49 nm
Tantawy 2011 [58] 39 nm Acute/early Cumulative DOX dose 50-100 mg/ -
m%415+88
Cumulative DOX dose 210- 0.562
485 mg/m? 40+4
Fractional shortening (z-score)
Asselin 2016 [29] 264 037 Acute/early -1.68 nm
Ejection fraction (%)
Agha 2016 [27] 30 70.60+£5.70 Acute/early 66.00+£7.18 <0.01
Erkus 2007 [38] 29 7520+0.90 Early 684+4.8 <0.05
Gupta 2018 [41] 40 64.85+4.94 Acute/early 56.15+4.79 nm
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Table 3 (continued)
Study Numberof  Parameter value before Timing of Parameter value after therapy? P value
participants therapy? measurement after
therapy®
Hagag 2019 [42] 40 68.25+3.91 Acute/early 5494535 <0.001
67,62-74 53,50-69 nm
Hu 2018 (1) [43] 36 nm Acute/early Healthy controls: 66.6 +3.4 -
Patients: 65.7+5.1 052§
Hu 2018 (2) [44] 131 nm Acute/early Cumulative PIR dose < 100 mg/m? -
68.88+6.79
Cumulative PIR dose 100-200 mg/  0.689 *
m’69.35+273
Cumulative PIR dose =200 mg/m?  0.034 +
65.95+7.94
Kang 2012 [46] 123 727459 Acute/early Cumulative ANT dose 100 mg/m%  nm
693178
Cumulative ANT dose 200 mg/m?%  nm
67.7+5.7
Cumulative ANT dose 300 mg/m%* nm
65.8+8.5
Cumulative ANT dose 400 mg/m?%  nm
63.7+86
Cumulative ANT dose 500 mg/m%  nm
63.0+£106
Khairat 2019 [47] 100 67.7+3.62 Acute/early Normal RV GLS: 64.31+7.31 0.697 9
Decreased RV GLS: 65.75+1.50
Linares Ballesteros 2021 [64] 112 ALL SR (Teichholz method): 65.5, Acute/early ALL SR (Teichholz method): 63.0, nm
40-74 60-72
ALL SR (Simpson method): 60.2, ALL SR (Simpson method): 59.0, nm
38-65 55.7-67.2
ALL IR (Teichholz method): 68.5, ALL IR (Teichholz method): 64.5, nm
54-78 46-74
ALL IR (Simpson method): 62.9, ALL IR (Simpson method): 62.1, nm
53.8-74.0 48-75
ALL HR (Teichholz method): 66.0, ALL HR (Teichholz method): 64.5, nm
48-77 50-75
ALL HR (Simpson method): 63.5, ALL HR (Simpson method): 64.7, nm
46-70 53-67
AML (Teichholz method): 68.0, AML (Teichholz method): 63.0, nm
64-77 43-73
AML (Simpson method): 62.2, AML (Simpson method): 59.9, nm
55.5-74.3 41.0-644
Oztarhan 2011 [52] 276 81.90+4.13 Acute/early Cumulative ANT dose 30-90 mg/  nm
m281.11+551
Cumulative ANT dose 120- nm
180 mg/m?: 78.48+6.88
Cumulative ANT dose>210mg/  nm
m? 75.97 +6.69
Radu 2019 [53] 48 Median 63, IQR 60.5-65 Acute/early Median 62, IQR 60-65 0.833
Shaikh 2013 [59] 110 69.9+43 Acute/early 626+9.6 <0.001
Tantawy 2011 [58] 39 nm Acute/early Cumulative DOX dose 50-100 mg/ -
m?58.7+73
Cumulative DOX dose 210- 0.043 +
485 mg/m* 52+4.4
Global longitudinal strain (%)
Agha 2016 [27] 30 -21.58+2.54 Acute/early -19.18+3.59 0.001
Al-Biltagi 2012 [28] 25 -18.65+4.52 Acute -15.104£245 0.04
Cheung 2020 39 -179+16 Acute/early -154+17 nm
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Table 3 (continued)

Study Numberof  Parameter value before Timing of Parameter value after therapy? P value
participants therapy? measurement after
therapy®
El Amrousy 2022 [62] 30 -19.8+1.2 Acute/early -158+1.6 <0.05
El-Shitany 2012 [37] 25 -18.65+2.9 Acute/early -15.1£1.769 <0.05
Hu 2018 (1) [43] 36 nm Acute/early Healthy controls: -22.2+ 1.9 -
Patients:-17.9+1.9 <001§
Khairat 2019 [47] 100 -23.77£093 Acute/early Normal RV GLS: LV GLS 03399
23.84+0.88
Decreased RV GLS: LV GLS
2340+1.61
Linares Ballesteros 2021 [64] 112 ALL SR:-234,-266-16.8 Acute/early ALL SR:-23.2,-31-19 nm
ALLIR:-24.4,-30-18 ALLIR:-22.7,-28.0-17.4 nm
ALL HR:-22.0,-30-18 ALL HR: M -24.2,-26.3-18.2 nm
AML: -21,-30-15 AML: -22.6,-26.1-16.1 nm
Mavinkurve-Groothuis 2013 [49] 60 -182£3.1 Early -16.7+52 0.5
E/A ratio
Agha 2016 [27] 30 1.294+0.27 Acute/early 1.03+0.37 <0.01
Al-Biltagi 2012 [28] 25 1.60£0.42 Acute 1.5+£0.37 nm
El Amrousy 2022 [62] 30 149+14 Acute/early 145+16 nm
El-Shitany 2012 [37] 25 1.904+0.403 Acute/early 1.966+0.389 nm
Hagag 2019 [42] 40 1.31£0.16 Acute/early 1.28+0.04 0.368
13,1.1-16 1.3,1-1.3 nm
Mavinkurve-Groothuis 2013 [49] 60 1.8+06 Early 1.8+06 0.8
Oztarhan 2011 [52] 276 1.34+0.28 Acute/early Cumulative ANT dose 30-90 mg/ nm
m%123+027
Cumulative ANT dose 120- nm

180 mg/m?% 121+0.23
Cumulative ANT dose>210mg/  nm

m%121+0.28
Radu 2019 [53] 48 Median 1.5,I1QR 1.2-1.9 Acute/early Median 14,I1QR 1.2-1.9 0.031
Shaikh 2013 [59] 110 16+£18 Acute/early 13+033 <0.001
Tantawy 2011 [58] 39 nm Acute/early Cumulative DOX dose 50-100 mg/ -
m%1.7+04
Cumulative DOX dose 210- 0907 +
485 mg/m% 1.7+0.5
Tei index
Agha 2016 [27] 30 0.32+0.06 Acute/early 0.36+0.08 <0.01
Ishii 2000 [45] 65 nm Acute/early Healthy controls: 0.33+£0.02 -
Cumulative ANT dose<200mg/ -
m? 0.34+0.09
Cumulative ANT dose >200 mg/ <005%§
m? 0.45+0.06
Shaikh 2013 [59] 110 0.3+0.05 Acute/early 04+0.07 <0.001

Abbreviations ALL Acute lymphoblastic leukemia, AML Acute myeloid leukemia, ANT Anthracycline, GLS Global longitudinal strain, HR High risk, IQR Interquartile range,
IR Intermediate risk, LV Left ventricle, nm Not mentioned, PIR Pirarubicin, RV Right ventricle, SR Standard risk

2 unless otherwise specified, mean is provided with standard deviation (x+y) and median with range (x, y-z)

b acute (within one week after a treatment); early (within one year after start of treatment); acute/early (acute and early not separable)
* Pvalues in comparison to the lowest dose group are presented

$ P values in comparison to healthy controls are presented

9P values comparing subgroups with normal and decreased right ventricular global longitudinal strain are presented
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A final study, including 100 patients, found a mean
LV GLS of -23.8% at baseline, and reported mean LV
GLS values separately for subgroups with normal and
decreased right ventricular GLS (-23.8 and -23.4%,
respectively). The difference between both subgroups
was not statistically significant.

E/A ratio

E/A ratio was measured in ten studies. Seven stud-
ies including 320 patients (25 to 110 patients per study)
compared mean E/A ratios at baseline (ranging between
1.29 and 1.904) and post-treatment (ranging between
1.03 and 1.966). When compared with baseline measure-
ments, mean post-treatment E/A ratios were decreased
in five studies, the same in one study and increased in the
final study. Significance of these differences was found in
some, but not all studies.

In one study including 48 patients, the median E/A
ratio was 1.5 at baseline and 1.4 at one year after diagno-
sis; the difference was statistically significant.

One study, including 276 patients, reported mean
E/A ratio at baseline and in subgroups of patients who
received 30 to 90, 120 to 180 and >210 mg/m? of anthra-
cyclines, they found progressively decreasing values from
1.34 to 1.21; whether these changes were significant
was not reported. A final study, including 39 patients,
reported a mean E/A ratio of 1.7 both in patients who
received 50 to 100 mg/m? and in patients who received
210 to 485 mg/m? of anthracyclines.

Tei index
Three studies reported on Tei index. Two studies, includ-
ing 140 patients (30 and 110 patients, respectively),
compared mean Tei index at baseline (0.32 and 0.3,
respectively) and post-treatment (0.36 and 0.4, respec-
tively). Both studies found the difference to be significant.
A final study, including 65 patients, measured a mean
LV Tei index of 0.33 in healthy controls, 0.34 in patients
who received <200 mg/m?% and 0.45 in patients who
received > 200 mg/m? of anthracyclines. Both the differ-
ence between the lowest dose group and the highest dose
group and the difference between the highest dose group
and the control group were statistically significant.

Biomarker levels — continuous results
See Table 4 for a detailed overview of biomarker levels
before and after cardiotoxic childhood cancer treatment.

Troponin

Tn levels were measured in 11 studies. In five of these
studies, troponin I (TnI) was measured. Three pub-
lications, including 95 patients (25 to 40 patients per
study), presented mean Tnl levels at baseline (ranging
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from<0.01 ng/mL to 0.055 ng/mL) and post-treatment
(ranging from 0.050 ng/mL to 0.0755 ng/mL). All three
studies found higher post-treatment than baseline Tnl
levels, and all these changes were significant. One pub-
lication including 25 patients only reported a mean
post-treatment Tnl value of 0.061 ng/mL. Another study
including 48 patients reported median pre- and post-
treatment levels; both were 0.1 pg/mL, but a statistically
significant difference was established nonetheless.

In three studies, cardiac troponin I (cTnl) was meas-
ured. Two studies, including 69 patients (29 and 40
patients, respectively), measured mean pre-treatment
values of 0.020 and 0.01 ng/mL; mean post-treatment
values were 0.024 and 0.011 ng/mL, respectively. Another
study including 276 patients performed cTnl measure-
ments at baseline and in subgroups of patients who
received 30 to 90, 120 to 180 and > 210 mg/m? of anthra-
cyclines; cTnl levels after treatment were 0.02, 0.02, 0.02
and 0.04 ng/mL, respectively. Significance of these results
was reported for none of the three studies.

Cardiac troponin C (cTnT) was measured in two stud-
ies. In one study including 60 patients, median values of
0.01 ng/mL at baseline as well as after treatment were
measured. In the other study, including 131 patients,
baseline measurements were not performed, but levels
were <0.05 ng/mL in all cumulative pirarubicin dose cat-
egories (<100, 100 to 200, and >200 mg/m?). Neither of
these publications reported on significance.

A final study including 39 patients measured high-sen-
sitive cardiac troponin T (hs-cTnT): mean pre-treatment
level was 0.0035 ng/mL and mean post-treatment level
was 0.01153 ng/mL.

Brain natriuretic peptide

Measurements of forms of BNP were done in five studies.
One publication including 29 patients measured a mean
pre-treatment BNP value of 4.09 pg/mL and a signifi-
cantly increased mean post-treatment value of 7.47 pg/
mL.

The remaining four studies measured NT-proBNP lev-
els. One study, including 30 patients, reported a mean
pre-treatment values of 37.1 pg/mL and a significantly
higher post-treatment value of 88.8 pg/mL; these values
were 5.00 and 98.60 pg/mL, respectively, in another study
including 40 patients (significance not reported). A study
including 60 patients reported median pre- and post-
treatment levels of 13 and 11 pmol/L (significance not
reported). A final study, including 131 patients, reported
post-treatment measurements in different cumula-
tive pirarubicin dose categories and found the following
mean values: < 100 mg/m?, 142.93 pg/mL; 100 to 200 mg/
m?, 158.27 pg/mL; > 200 mg/m?, 1725.90 pg/mL. The dif-
ference between the highest dose group and the lowest
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dose group was significant, the difference between the
middle dose group and the lowest dose group was not.

Creatine kinase

CK was measured in five studies. In two publications
describing mean pre- and post-treatment CK levels,
presumably in the same cohort of 25 patients, slightly
different results were reported (50.6U/L and 50.6U/L
pre-treatment and 48.61U/L and 47.6U/L post-treat-
ment, respectively. The first publication reported the dif-
ference not to be significant, the second publication did
not report on significance.

Two studies, including 70 patients, measured pre- and
post-treatment values of the myocardial band of creatine
kinase (CK-MB); mean pre- and post-treatment val-
ues were 11.6U/L and 46U/L (significantly higher) and
1.00 ng/mL and 1.21 ng/mL (significance not reported),
respectively. Finally, a study including 131 patients found
levels of 30.06, 27.53 and 25.67U/L in patients who
received < 100, 100 to 200, and > 200 mg/m2 of anthracy-
clines, respectively (significance not reported).

Risk factors

Multivariate risk factor analyses for acute and early-onset
cardiotoxicity were performed in three studies including
1202 patients. Getz et al. [40] found that, regarding age
at diagnosis, the risk of cardiotoxicity was significantly
lower in children below two years of age when compared
with children aged between two and ten years (hazard
ratio 0.21, 95% CI 0.06-0.69, P<0.05). Black children
had a significantly higher risk of cardiotoxicity compared
with white children (hazard ratio 2.18, 95% CI 1.27-3.75,
P<0.05). The other factors that were assessed (i.e. sex,
ethnicity, weight category, cytogenetic risk group, initial
white blood count, randomized treatment arm, micro-
biologically documented bloodstream infection during
treatment, age>11 years category and other race) did
not prove to influence the risk of cardiotoxicity (for more
detailed information see Additional file 3).

Samosir et al. [66] found that children older than four
years had a significantly higher risk of cardiotoxicity
compared with children younger than four years (preva-
lence ratio 1.128, 95% CI 1.015-1.254, P<0.001). Chil-
dren treated in the high risk group (containing more
anthracyclines) had a significantly higher risk than chil-
dren treated in the standard risk group (prevalence ratio
1.135, 95% CI 1.016-1.269, P<0.001). Finally, a cumula-
tive daunorubicin dose >120 mg/m?* was associated with
a higher risk than a cumulative dose <120 mg/m? (preva-
lence ratio 1.161, 95% CI 1.019-1.324, P=0.001).

Hu et al. [43] performed a multiple linear regres-
sion to predict post-treatment NT-proBNP, age and
corrected QT interval (QTc) based on cumulative
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anthracycline dose. They found F=11.359 (P<0.001);
the standard coefficient of NT-proBNP was 0.423 (P=0),
that of age was 0.184 (P=0.021) and that of QTc was
0.191 (P=0.018). The cumulative dose of anthracyclines
had the most significant impact on the post-treatment
serum NT-proBNP.

Discussion

Acute and early-onset cardiotoxicity was studied in 45
studies including 7797 children with cancer. The char-
acteristics of the studied cohorts (for example treatment
and age at diagnosis), as well as the diagnostic modalities
and the outcome definitions used in the different studies,
proved to be highly heterogeneous, which might explain
part of the large differences in cardiotoxicity prevalence.
Based on the cardiotoxicity definitions used, highly vari-
able prevalence rates were established: 0.0-56.4% for sys-
tolic dysfunction, 30.0-100% for diastolic dysfunction,
0.0-38.1% for combinations of echocardiography and/
or clinical parameters, 0.0-25.5% for clinical symptoms
and 0.0-37.5% for biomarker levels. Most studies did not
separate acute from early-onset cardiotoxicity. FS and EF
significantly decreased during treatment; GLS decreased
during treatment, but not all studies found the changes
to be significant. Tei ratio significantly increased dur-
ing treatment, changes in E/A ratio were inconsistent.
Tnl increased significantly during treatment; changes in
TnT, BNP and CK were inconsistent. Cumulative anthra-
cycline dose was found to be a risk factor for acute and
early-onset cardiotoxicity. In most of the studies, the
presence of bias (especially selection bias, detection bias
(for non-biomarker outcomes) and confounding, but in
many studies also attrition bias) could not be ruled out,
often due to lack of reporting. As a result there is a risk of
either over- or underestimation of the identified results,
but as the studies in general did not report the reasons
for the presence of the different types of bias unfortu-
nately we cannot be more specific.

Echocardiography

In pediatric cardio-oncology, traditionally, FS and EF have
been used to express systolic cardiac function. Among the
studies included in this review, a wide range of prevalence
of cardiotoxicity based on FS and EF was found (0.0 to
40.0%). This may partly be due to the variation in cut-off
values, and the fact that some studies defined cardiotoxic-
ity based on absolute values, while other studies reported
on changes compared to baseline values. A pitfall of defin-
ing cardiotoxicity based on these parameters may be that
changes only occur after a significant degree of cardiac
damage and remodeling. In addition, interpretation of
ES and EF during treatment can be complicated by the
influence of treatment-related factors such as infections
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and differences in loading conditions such as hyperhydra-
tion. These results seem comparable to late-onset cardio-
toxicity: in a recent systematic review on asymptomatic
systolic dysfunction in anthracycline-treated childhood
cancer survivors [73], the prevalence of abnormal EF was
1-6% and the prevalence of abnormal FS was 0.3-30%.

In the adult setting, decrease in GLS has been proven
to be a sensitive predictor of cardiac injury [74, 75]. The
one study included in this review defining cardiotoxicity
using GLS found a prevalence of 56.4%, which may sug-
gest a higher sensitivity than the conventional echocardi-
ographic parameters. As only 39 patients were included in
this study, data are insufficient to draw solid conclusions.

Diastolic dysfunction has been found to be present in
11% of childhood cancer survivors and in 8.7% of child-
hood cancer survivors with normal EF, suggesting it
might be more sensitive in detecting cardiotoxicity [76].
In only two studies in our review, cardiotoxicity was
defined based on diastolic parameters. As one study used
E/A ratio and the other study used Tei index, the two are
not comparable. A high prevalence of abnormal diastolic
function (30.0 to 100%), however, stands out. Unfortu-
nately, it was not possible to compare systolic and dias-
tolic dysfunction.

The studies in our review consistently show a signifi-
cant decrease of FS, EF and GLS post-treatment when
compared with baseline. In some studies, the decrease
is significantly greater in subgroups that received higher
cumulative doses of anthracyclines, suggesting (but not
proving) a dose—effect relationship. With regard to dias-
tolic function, it is more difficult to draw conclusions.
Changes in E/A ratio are inconsistent. The studies in
our review do report a significant increase in Tei index
post-treatment compared to baseline, but the number of
patients in which this was measured is limited.

Combination of echocardiographic and/or clinical
parameters

The studies in this review using the NCI CTCAE found
wide ranges of prevalence for the different grades of cardiac
dysfunction (0.0 to 35.2%); as would be expected, higher
grades of dysfunction were less common than lower grades.
Intuitively, a standardized approach to grade adverse events
(such as the NCI CTCAE) leads to a high reproducibility
of reported prevalence. In practice, however, inter-observer
variability proves to be considerable [77, 78], this might
have played a role in the variance in prevalence.

The studies in which combinations of echocardio-
graphic and/or clinical parameters other than the NCI
CTCAE were used had widely differing definitions of car-
diotoxicity; cardiotoxicity in these studies varied between
0.0 and 38.1%.
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Clinical symptoms

Interpretation of the prevalence numbers found in the
studies defining cardiotoxicity based on clinical symp-
toms was hampered by the great heterogeneity of defini-
tions used, and the fact that the clinical outcomes were
often not clearly defined. Looking at the two studies that
were deemed to have well-defined clinical outcomes,
prevalence ranged from 1.6 to 1.9%. Defining cardiotox-
icity using only clinical symptoms implicitly means meas-
uring clinically relevant myocardial damage. The striking
difference between prevalence based on echocardiogra-
phy and prevalence based on clinical symptoms probably
reflects the evolution from subclinical myocardial dam-
age to clinically relevant impaired cardiac function, even
in the acute and early-onset setting. Taking into account
that the cumulative incidence of heart failure increases to
4.8-10.6% in long-term childhood cancer survivors [79],
this probably represents an ongoing process.

Biomarker levels

A recent review has shown that biomarkers are of lim-
ited value in detecting LV dysfunction in childhood can-
cer survivors [80], In the studies in this review, abnormal
levels of biomarkers were more common for BNP (19.5
to 37.5%) than for troponin T (TnT, 0.0 to 8.8%) and Tnl
(0.0 to 6.9%). With regard to absolute biomarker levels,
Tnl showed a consistent significant increase post-treat-
ment when compared to baseline. Results were less con-
sistent for TnT, BNP and CK, with some studies showing
increased levels and some studies showing equal levels
after treatment. Correlation to echocardiographic param-
eters and clinical outcomes will be required to determine
the clinical relevance of these findings.

Risk factors

Multivariate analyses, which were conducted in only
three studies in this review, allow us to compare risk
factors for acute and early-onset cardiotoxicity with
known risk factors for late-onset cardiotoxicity, such as
higher cumulative anthracycline dose, younger age and
female sex [11, 81, 82]. Consistent with late-onset car-
diotoxicity, higher cumulative anthracycline dose was
found to be a risk factor for acute and early-onset car-
diotoxicity. Interestingly, older age (defined as between
two and ten years in one study, and as four years or
older in another study) was identified as a risk factor
for acute and early-onset cardiotoxicity when com-
pared with younger age (defined as below two years or
below four years, respectively). Sex did not prove to
influence the risk of acute and early-onset cardiotoxic-
ity. Furthermore, black race was identified as a risk fac-
tor for acute and early-onset cardiotoxicity.



Kouwenberg et al. BMC Cancer (2023) 23:866

Conclusion

Various definitions, based on (combinations of) echocar-
diography, clinical symptoms and biomarker levels, have
been used to describe acute and early-onset cardiotoxic-
ity due to childhood cancer treatment, complicating the
establishment of its exact prevalence. Damage to cardio-
myocytes probably predisposes for and predates clinical
symptoms. While FS and EF significantly decrease during
treatment, GLS may be a more sensitive marker of cardio-
toxicity, although data in children are still too limited to
confirm this assumption based on adult data. Cumulative
anthracycline dose proves to be an important risk factor
for acute and early-onset cardiotoxicity, similar to late-
onset cardiotoxicity. Uniform international guidelines to
prospectively monitor acute and early-onset cardiotoxic-
ity in children will provide more reliable information on
prevalence, risk factors and possible preventive measures.
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