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Abstract

Purpose of review The anthracycline (AC) group of drugs is widely used for cancer
chemotherapy and has improved outcomes in many childhood malignancies.
However, cardiovascular complications are major causes of morbidity and mortal-
ity in AC recipients, with the greatest risk factor being a higher cumulative
dosage. The purpose of this review is to describe the etio-pathogenesis and risk
factors of AC induced cardiotoxicity, with emphasis on currently available and
emerging modalities of non-invasive imaging in its surveillance, and to review
guidelines on its prevention and treatment.
Recent findings Presently, ejection fraction and shortening fraction derived from
two-dimensional echocardiography are the most widely used parameter for mon-
itoring of cardiac function in childhood cancer survivors. The newer speckle
tracking echocardiography has shown potential to detect abnormalities in ven-
tricular function prior to the conventional measures such as ejection fraction and
shortening fraction. When available, three-dimensional echocardiography should
be used as it allows for more accurate estimation of ejection fraction. Newer
magnetic resonance imaging (MRI) techniques, such as delayed enhancement and
T1 mapping, are useful adjuncts for cardiac evaluation in cancer survivors,
especially in patients with poor echocardiographic windows.
Summary Early detection and management of cardiovascular diseases is one of the
major goals in the long-term follow-up of childhood cancer survivors. In addition
to conventional two-dimensional echocardiography, newer techniques such as
speckle tracking echocardiography and three-dimensional echocardiography should
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be incorporated due to its ability to detect early changes in anthracycline-
induced cardiotoxicity. However further research are needed to guide changes
in management due to abnormalities in speckle tracking echocardiography.

Introduction

The incidence of childhood cancer has increased by
0.6% each year since 1975, with an estimate of 10,590
newly diagnosed malignancies in 2018 in children be-
low 14 years of age [1]. Fortunately, the childhood can-
cer death rate has decreased by more than two thirds
from 6.5 per 100,000 cases in 1969 to 1.5 per 100,000
cases in 2015 [1]. The estimated prevalence of cancer
survivors in 2016 was 15.5 million, 429,000 of whom
were diagnosed under the age of 20 years [2]. Due to the
rapid increase in the number of childhood cancer survi-
vors (CCSs), there is a critical need to focus on long-term
outcomes in this population. The CCS study reports that
62% of 10,397 cancer survivors had chronic health con-
ditions and 27.5% had life threatening or disabling
conditions by a mean age of 26.6 years and 9.1 times

(95% CI 8.9 to 9.4) higher risk for death, compared to
the general population [3, 4]. At 5 years of follow-up,
cardiovascular disorders constituted the 2nd most com-
mon cause of morbidity and mortality in this popula-
tion, following secondary or recurrent malignancies [4].
According to the British CCS study, in survivors aged
60 years or older, the leading cause of mortality was
cardiovascular disease (37%) [4]. Hence, the primary
goals in the long-term follow-up of the CCS are preven-
tion, early identification, and prompt treatment of
cardiotoxicity. In this review, we describe the etio-
pathogenesis and risk factors of cardiotoxicity, with em-
phasis on currently available and emerging modalities
of non-invasive imaging for surveillance, and review
guidelines on its prevention and treatment.

Risk factors of cardiotoxicity

A major risk factor for cardiotoxicity in CCSs is exposure to chemotherapeutic
agents, of which the anthracycline (AC) group of drugs poses the highest risk.
Chemotherapy-related cardiotoxicity can be acute (within 1 week), early on-
set (within 1 year), or late onset (more than 1 year of exposure) [5]. While a
higher AC cumulative dose increases the risk for development of
cardiotoxicity, there is no safe dose [6]. Concomitant mediastinal or spinal
radiotherapy is an independent risk factor for late cardiotoxicity and is
associated with premature coronary artery disease (due to atherosclerosis),
diastolic dysfunction, restrictive cardiomyopathy, and systolic dysfunction [7,
8]. Valvular heart disease and conduction abnormalities are noted in survivors
of Hodgkin’s disease exposed to radiation therapy [8]. Concomitant exposure
to other chemotherapeutic agents such as alkylating agents (cyclophospha-
mide, busulfan, ifosfamide), antimetabolites (5-fluorouracil, cytarabine, cap-
ecitabine), antimicrotubular agents (vinca alkaloids), monoclonal antibodies
(trastuzumab, bevacizumab, rituximab), and tyrosine kinase inhibitors (ima-
tinib, sorafenib, sunitinib, dasatinib) increases the risk of cardiotoxicity [9].
Younger age at diagnosis, female gender, longer duration of follow-up, and
presence of preexisting cardiovascular disease are additional risk factors [6,
10]. Traditional cardiovascular risk factors such as diabetes, hypertension,
obesity, dyslipidemia, metabolic syndrome, and smoking, alcohol, stimulant
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drug abuse, and physical inactivity also increase the risk of long-term che-
motherapy-related cardiotoxicity in CCSs [11].

Mechanism of cardiotoxicity

Even though the exact mechanism of AC-mediated cardiotoxicity is not fully
understood, experimental models suggest several possibilities. Cardiomyocyte
damage could be related to iron mediated generation of free radicals or dis-
ruption of sarcomere maintenance [12]. Deletion of topoisomerase IIb specific
to cardiac myocytes in mice models has been shown to protect from doxoru-
bicin induced double-stranded DNA damage [13]. Other putative mechanisms
include defective mitochondrial function, mitochondrial iron accumulation,
and impairment of the cardiac progenitor cells [14].

Surveillance of cardiotoxicity
Echocardiography

Evaluation of the left ventricle

Systolic function

Conventional echocardiography
Echocardiography is a widely used tool for cardiac function evaluation
before, during, and after the completion of chemotherapy. It is easily
available, less expensive, non-invasive, and safe. Fractional shortening (FS)
and ejection fraction (EF) on M-mode or two-dimensional echocardio-
grams (2D) are the most commonly used measures of left ventricular (LV)
function assessment. However, these measures are load dependent (pre-
load and afterload) and altered by anemia, fever, and sepsis. The FS and EF
are additionally affected by ventricular geometry, have measurement vari-
ability, and may not detect early changes in the LV function [15]. Rather,
decrease in LVEF may occur only after substantial and potentially irrevers-
ible myocardial damage. In addition, LVEF as measured by the biplane disc
method (modified Simpson’s) from the apical four and two chamber views
relies on the visualization of the endocardial borders [16]. The empiric
guidelines published by the Children’s Cancer Study Group suggest that
decrease in LVEF by 10% or below 55% or decrease in LVFS by 10% or
below 29% on two successive occasions, preferably using echocardiogram
and radio nucleotide angiography, indicates significant deterioration of
myocardial function and that the chemotherapeutic agents should be
discontinued [17]. A decline in LVEF occurs only after substantial myocar-
dial damage, wherein the changes are likely to be irreversible. The recovery
of LVEF and reduction in adverse cardiac events may be possible with early
detection of cardiac dysfunction and prompt initiation of ACE inhibitor
and beta blocker [18].
In children with Hodgkin’s disease exposed to mediastinal irradiation, LV
mass (p G 0.001) and LV end diastolic dimension (p G 0.001) were found to
be decreased [9]. LV myocardial mass can be measured by M-mode and
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two- and three-dimensional (2D and 3D) echocardiographies [15, 19]. The
relationship of end systolic wall stress to velocity of circumferential short-
ening has been studied as a load-independent measure in CCSs. Doxoru-
bicin therapy has shown to cause progressive increase in end systolic wall
stress (64.6 ± 22.4 g per square centimeter compared to normal, 47.5 ± 7.0,
p G 0.001) and is attributed to decreased (0.68 ± 0.2 vs. 0.81 ± 0.09, p
G 0.001) LV wall thickness in cancer patients, compared to controls [10].
However, obtaining this parameter is cumbersome and hence not used in
every day clinical practice.

Speckle tracking echocardiography
Recently, speckle tracking echocardiography (STE) has gained popularity in
the evaluation of ventricular function. Myocardial strain, the ratio of change
in length (ΔL) to the baseline length (L), is ameasure of regional myocardial
deformation during different phases of cardiac cycle. It is a dimensionless
measure, expressed as percentage, where negative strain indicates shortening
and positive strain indicates lengthening [20]. Longitudinal strain (LS) de-
notes deformation along the long axis, circumferential strain (CS) along the
circumference, and radial strain (RS) measures thickening of the LV during
cardiac cycle [21]. Strain can be measured by tissue Doppler imaging (TDI),
2D and 3D STE, tagged cardiac MRI, or velocity vector imaging. Unlike TDI,
STE is easy to perform, independent of angle, and has greater reproducibility
[22]. Studies have shown that LS does not show maturational changes or
alter with varying heart rates in growing children. [23]. In adults with heart
failure and reduced EF, global longitudinal strain (GLS) is an independent
predictor of adjusted mortality and has superior prognostic value compared
to other echocardiographic measures [24••]. A meta-analysis of 2325 chil-
dren has defined the reference values for strain measures by 2D-STE [25••].
In a study of 19 pediatric cancer patients receiving AC, the LV GLS decreased
at 4 months (− 18.1 ± 2.5% vs − 20.5 ± 1.5%, p = 0.011) and at 8 months
(4.360.1%, p = .044), whereas LVEF decreased only at 8 months (4.360.1%,
P = .044). The average LS in the mid and the apical segments correlated
significantly with change in EF [26]. Among 25 pediatric cancer patients
(aged 9.8 ± 5.8 years), GLS was abnormal in 60% (15 patients) and peak CS
was abnormal in 76% (19 patients) compared to age-matched controls
immediately after completion of chemotherapy [27]. The St. Jude lifetime
cohort study analyzed data from 1820 CCSs at a median age of 31 (range
18–65) years; age at diagnosis of cancer was 22.6 (range 10.4–48.3) years.
Again, rates of abnormal GLS (31.8%) and abnormal GCS (23.1%) were
higher than of abnormal LVEF (5.8%) measured by 3D echocardiography;
28% of survivors with normal LVEF (9 50%) had abnormal GLS [28••]. A
recent meta-analysis of 14 studies evaluating the natural history of myocar-
dial strain in CCSs exposed to AC therapy showed that abnormalities in GLS
are common during or within one year of completion of chemotherapy
[29••]. After 1 year of completion of chemotherapy, GLS was not signifi-
cantly different between survivors and controls but reduction in CS and RS
was more consistent [29••]. However, studies have shown that longitudinal
strain has greatest reproducibility followed by CS and RS [30]. Also LS
derived by STE had greater agreement to MRI derived LS compared to CS
[31]. A summary of the studies evaluating STE in CCSs is shown in Table 1.
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We reviewed echocardiograms of 41 asymptomatic CCSs aged 12.7 ±
3.8 years at a median follow-up of 4.73 (inter quartile range 2.15–8) years.
The GLS (− 17.6 ± 2.7 vs. − 21.3 ± 2.0, p G 0.001) and LS measured from
two-chamber (− 18.6 ± 3.2 vs. − 21.3 ± 2.5, p G 0.001), three-chamber (−
16.3 ± 6.0 vs. − 21.7 ± 3.0, p G 0.001), and four-chamber views (− 17.6 ± 2.7
vs. − 20.8 ± 2.0, p G 0.001) were lower compared to 72 healthy controls
matched for age, weight and height. The CSwas also decreased compared to
controls (− 20.8 ± 4.3 vs. − 23.5 ± 2.6, p G 0.001) [39]. The CCSs had lower
systolic LSmeasurements in all but four of the 16 segments of the LV (basal
inferior, basal anterior, mid inferior, and mid-inferolateral) [39]. In a small
study of 22 CCSs (median age 14.8 years) at 1.9 years after completion of
chemotherapy, an improvement in GLS (− 13.83 ± 0.74% to − 15.94 ±
0.74%, p = 0.002), GCS (− 18.79 ± 1.21% to − 20.74 ± 0.84%, p = 0.027),
LS rate (− 0.78 ± 0.04 to − 0.88 ± 0.04/s, p = 0.022), and CS rate (− 1.08 ±
0.07 to − 1.21 ± 0.06/s, p = 0.027) was noted after a median duration of 41
(range 14–379) days of angiotensin converting enzyme inhibitors/
angiotensin receptor blockers, which persisted for more than a year [40••].
We performed strain analysis in 89 cancer patients aged 8.4 ± 5.2 years
prior to receiving chemotherapy and found a lower LS in two-chamber (−
19.8 ± 3.0 vs. − 23.5 ± 4.0, p G 0.001), three-chamber (− 19.4 ± 3.2 vs. −
23.4 ± 4.0, p G 0.001), and four-chamber views (− 19.7 ± 3.4 vs. − 22.5 ±
3.0, p G 0.001) and lower GLS (− 19.8 ± 2.9 vs. − 23.4 ± 3.2, p G 0.001)
compared to 82matched healthy controls, although FSwas normal (35.8 ±
5.2 vs. 36.1 ± 6.1. p − 0.75) [41]. A recent report from the American Society
of Echocardiography (ASE) and European Society of Cardiovascular Imag-
ing (ESCVI) recommends measurement of GLS before, during, and after
chemotherapy in the long-term follow-up of cancer survivors. A decrease in
GLS of more than 15% from the baseline value is likely abnormal, whereas
a decrease less than 8% is unlikely to be meaningful [42]. There is increas-
ing evidence that CCSs have strain abnormalities before changes in EF. STE
is emerging as a useful imagingmodality in identifying CCSs at high risk for
cardiotoxicity. However, high-quality studies on management based on
strain abnormalities in CCSs are not available.

Diastolic function

Diastolic dysfunction has been reported in several studies in CCSs exposed
to AC. Among 151 children aged 11.0 ± 5.6 years with various malignan-
cies, the mitral valve E/A ratio was found to be abnormal and decreased
compared to 151 healthy controls (2.5 ± 0.8 vs. 3.0 ± 0.9, p G 0.001) at a
median follow-up of 8 months (1 day to 16 years). However, the tricuspid
valve E/A ratio (1.5 ± 0.7 vs. 1.7 ± 0.7, p G 0.001) was similar to controls
[43]. At a follow-up of 5.3 ± 4 years in 63 CCSs exposed to a median dose
of 165 mg/m2 of AC, diastolic function measured by transmitral Doppler
velocities and TDI velocities was within normal range [44]. At 22.3 years
from diagnosis, the diastolic function assessed by e′ was decreased in 138
survivors of childhood acute lymphoid leukemia exposed to AC (median
dose of 120 mg/m2), compared to 138matched controls (11 vs. 12.6 cm/s,
p G 0.001) [45•]. In the St. Jude lifetime cohort study, 5.8% CCSs had
decreased LVEF by 3D echocardiography, whereas diastolic dysfunction
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was reported in 11%. Among survivors with normal LVEF (9 50%) by 3D
echocardiography, abnormal diastolic function (ASE grades 1–3) was
present in 8.7%. The prevalence of diastolic dysfunction was 22.4% in
survivors exposed to radiotherapy alone [28••]. The presence of metabolic
syndrome increases the risk of diastolic dysfunction (RR 1.68, 95%CI 1.39–
2.03) [28••]. At a median duration of 8–9 years from chemotherapy, the
high-risk group (mean ACT dose 344 mg/m2) among 80 CCSs had low E/A
ratio at rest compared to controls (1.43 vs. 1.93, p = 0.008) despite similar
systolic FS and EF. Aerobic capacity during exercise was normal with
augmentation of systolic and diastolic function [46].

Global function

Myocardial performance index (MPI) is used to assess global LV function
and is calculated as the ratio of sum of times spent in isovolumetric
contraction phase and isovolumetric relaxation phase to the LV ejection
time. There are relatively few studies onMPI in CCSs with equivocal results.
In CCSs aged 11.0 ± 5.6 years, at a median duration of 8.1 months (range
1 day–16 years) after completion of AC (mean dose 200 ± 101 mg/m2), LV
MPI was similar to controls (0.34 ± 0.1 vs. 0.34 ± 0.07, p not significant);
right ventricle (RV) MPI was lower (0.21 ± 0.1 vs. 0.28 ± 0.08, p − 0.001)
although the difference was unlikely to be clinically significant [43]. A
cross-sectional study of 100 high-risk survivors (9 300 mg/m2 AC) had
higher MPI compared to 50 low risk survivors (exposed to G 300 mg/m2)
and healthy controls (0.51 vs. 0.46 vs. 0.46, p G 0.01) [47].

Evaluation of the RV
While LV function has been extensively studied in CCSs, little is known about
the effect of chemotherapeutic agents on RV function. About 30% of 246 adult
survivors of childhood lymphoma and acute lymphoid leukemia had RV
systolic dysfunction at a mean follow-up of 21.7 years after diagnosis. Echo-
cardiographic measures such as RV fractional area change (44.5 vs. 48.6%,
p G 0.001), tricuspid annular planar systolic excursion (TAPSE) (2.24 vs.
2.49 cm, p G 0.001), tissue Doppler derived peak systolic tricuspid annular
velocity (12.1 vs. 13.0 cm/s, p 0.001), and RV-free wall strain (− 26.5 vs. −
28.4%, p G 0.001) were significantly lower in survivors compared to 211
matched controls [48•]. RV dysfunction occurred three times more in survivors
with LV dysfunction, possibly due to interventricular dependence [48•].
Murbraech et al. reported impaired RV function in 6.2% of lymphoma survivors
(n = 274) compared to 0.7% of controls (n = 222). Decreases in TAPSE (22.9 ±
4.1 vs. 27.0 ± 4.2 mm, p G 0.001), RV fractional area change (44 ± 5 vs. 48 ± 5,
p G 0.001), and RV-free wall strain (− 27.1 ± 4.0 vs. − 30.0 ± 2.6, p G 0.001)
compared to healthy controls were also noted. Most of the patients with RV
dysfunction (15 out of 17) also had LV dysfunction, although the overall
prevalence of RV dysfunction (6.2%) was less than LV dysfunction (30.8%)
[49•]. Abnormalities in RV-free wall strain in the basal segments (− 33 ± 13*
vs.40 ± 16, p G 0.05) compared to controls, although not in the apical (− 38 ± 18
vs. − 41 ± 13) andmid portion (− 43 ± 15 vs. − 47 ± 12) segments, were seen at a
median duration of 5.2 (range 2 to 15.2) years following exposure to a
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cumulative AC dose of 240 (range 90–300) mg/m2 [50]. Armstrong et al.
studied 10 adult cancer survivors exposed to radiation therapy who had ele-
vated tricuspid regurgitation velocity of 9 2.8 m/s and decreased exercise toler-
ance (dyspnea and/or less than 600 m on 6 min walk test) [51]. Agha et al.
reported decrease in tricuspid valve E:A ratio (1.03 ± 0.37 vs. 1.29 ± 0.27, p
G 0.01) and increase in MPI (0.36 ± 0.08 vs. 0.32 ± 0.06, p G 0.01), after expo-
sure to chemotherapy [33•]. The RVMPI correlated with the LV GLS (r = − 0.44,
p G 0.001) indicating the role of interventricular dependence in RV dysfunction
[33•]. Longitudinal studies are needed to evaluate RV function including strain
analysis at baseline, during and long after completion of chemotherapy and the
correlation of RV dysfunction with adverse cardiac outcomes.

Three-dimensional echocardiography
The 3D echocardiography overcomes the geometric limitations of 2D echocar-
diography. For the assessment of ventricular volumes and EF, three-
dimensional echocardiography has been shown to be superior to 2D echocar-
diography and comparable to the volumes derived by cardiacMRI [52]. 3D real-
time echocardiography-derived LV volumes, EF, and mass have good intra and
interobserver correlation. LV function analysis in 50 patients by 2D and 3D real-

Fig. 1. Three-dimensional echocardiography derived ventricular volume, global longitudinal and global circumferential strain, left
ventricular dyssynchrony index, twist and torsion.
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time echocardiography and MRI showed that the LV end diastolic volume
derived by 3D differed only slightly from that of MRI (mean difference − 4, p =
0.31), whereas 2D-derived LV end-diastolic volume differed significantly (mean
difference − 28, p value G 0.001) [52]. Measurement of strain using 3D echo-
cardiography has allowed tracking of the myocardial speckle in three dimen-
sions and enabled the assessment of all LV segments from the same data set. In
53 CCSs aged 18.6 ± 5.1 years exposed to a median dose of 229 mg/m2 of AC,
global 3D strain was lower compared to healthy controls (35.4 ± 7.5 vs. 44.6 ±
7.8, p G 0.001) at a median follow-up of 7.2 years. All segments except the basal
anteroseptal had decreased 3D strain compared to controls (p G 0.05) [38]. In
addition to measuring the GLS, CS, and RS, 3D echocardiography is useful to
estimate measures of LV mechanics such as LV torsion and LV systolic
dyssynchrony index (shown in Fig. 1) [53].

Evaluation of ventricular mechanics
The arrangement of the myofibers in the LV changes from a right handed
helix pattern in the sub endocardial layer to a left-handed helix arrange-
ment in the sub epicardium. This allows for efficient contraction with
minimal loss of energy [54]. During systole, the LV contracts with the base
rotating in the clockwise direction and the apex in the counterclockwise
direction to achieve a wringing motion [55]. Torsion is defined as the
difference in the base to apex gradient in rotational angle along the long
axis of the LV and is expressed in degrees per centimeter or radians per
meter [56]. These mechanics augment ejection of the blood from the LV
[55]. Similarly during diastole, untwisting of the LV aids in relaxation and
filling. Cheung et al. studied 36 survivors of childhood cancer aged 15.6 ±
5.5 years at a median duration of 7 years (range 3.1–24.3 years) following
completion of AC chemotherapy (median dose of 240 mg/m2, range 120–
470 mg/m2). CCSs had decreased LV torsion (8.0 ± 4.1 vs.11.8 ± 4.5, p =
0.003), systolic twisting velocity (68.1 ± 20.3 vs.91.0 ± 22.3, p G 0.001) and
diastolic untwisting velocity (− 90.1 ± 34.3 vs. − 109.6 ± 33.4 0.04) com-
pared to controls. These findings were noted to be secondary to reduced LV
apical rotation (p = 0.003) and apical untwisting rate (p = 0.002). Even
survivors (78%) with LVEF 9 50% had evidence of deceased LV torsion,
apical untwisting rate (p = 0.01) and LV systolic twisting velocity (p =
0.001) [57]. LV dyssynchrony index is calculated as the mean standard
deviation of time to peak systolic strain of the 16 segments of the LV
divided by RR interval [58•]. CCSs with wall motion abnormalities had
higher LV systolic dyssynchrony index derived from RS compared to those
without wall motion abnormalities (16.5 ± 5.1vs. 8.5 ± 6.0, p − 0.01) [58•].
The global CS (− 23.5 ± 3.8 vs. − 31.3 ± 8.1, p = 0.025) and global RS (14.3
± 6.1 vs. 33.1 ± 10.1, p G 0.001) were also lower in CCS with wall motion
abnormalities compared to those without abnormalities [58•].

Magnetic resonance imaging
Cardiac MRI is emerging as a useful modality for the diagnosis of various
cardiovascular diseases including cardiotoxicity in CCSs. Although echo-
cardiography is the most commonly used modality in the assessment of
LVEF, it has limited utility in patients with poor acoustic windows. In such
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cases, MRI is useful in assessment of cardiac structure and function. It is
the gold standard for assessment of ventricular volumes and EF. Cardiac
MRI also has great utility in imaging the right ventricle, which is often
inadequately visualized by echocardiography. In addition, MRI provides
information on not only ventricular function but also tissue characteriza-
tion. One of the mechanisms of AC-mediated cardiotoxicity is myocyte
loss leading to myocardial fibrosis [59], which is evident on histological
studies obtained from RV biopsies and autopsy specimens of AC-exposed
cancer patients [17]. Focal myocardial fibrosis can be evaluated by late
enhancement after administration of gadolinium chelated contrast agent
[60]. Contrast-enhanced MRI also allows differentiation between ischemic
(involving subendocardial layer) and non-ischemic (affecting other layers)
causes of fibrosis such as AC-mediated cardiac fibrosis [61].

In a study of 62 CCSs aged 14.6 ± 3.2 years, at a median duration of 7.8 years
(4.9 to 18.0 years) following exposure to AC (median cumulative dose of 222, 80
to 419 mg/m2), 11 (18%) survivors had decreased LVEF (G 45%) and 38 (61%)
had subnormal LV function (LVEF 45–55%) [62]. RV function was decreased in
17 (27%) and subnormal in 33 (53%) survivors. Surprisingly, late gadolinium
enhancement was not present in any of the patients [62]. Lunning et al. evaluated
cardiac MRI in 10 non-Hodgkin’s lymphoma patients before and 3 months after
chemotherapy [63]. Five patients developed a significant (≥ 10%) drop in LVEF,
and three patients had at least one new or progressive segment of gadolinium
delayed enhancement [63].

More recently, the use of myocardial T1 mapping has gained popularity due
to its ability to detect intrinsic myocardial properties. In addition, the T1
relaxation time can be used to calculate the extracellular volume of distribution
of gadolinium in the myocardium, which has been found to be increased in the
presence of diffuse myocardial fibrosis [64]. In a study of 30 CCSs aged 15.2 ±
2.7 years exposed to a cumulative dose of 197.2 ± 84.3 (mg/m2) of AC, at 7.6 ±
4.5 years follow-up, T1 relaxation times (1155.3 ± 56.5) were increased and T1
values were longer in those exposed to higher AC dose (r = 0.52, p = 0.052) and
those with decreased LV mass/volume ratio ((r = − 0.54, p − 0.027). The in-
creased extracellular volume also correlated with higher AC dose (r = 0.40),
decreased peak VO2(r = − 0.52), decreased LV wall thickness/height ratio
(r = − 0.72), and decreased LVmass/volume ratio (r = − 0.64). There was no late
gadolinium enhancement [65]. The limitations of cardiac MRI are that it is
time-consuming, more costly compared to echocardiography, less easily avail-
able, and often needs sedation and trained physicians for interpretation.

Computed tomography
Computed tomographic (CT) scans are useful in the surveillance of
cardiotoxicity. They provide greater spatial resolution, with good visualization
of vessels and calcified tissue, in a short exam time. CT scan is the only non
invasive imagingmodality that can assess the coronary arteries. Its disadvantage
is exposure to ionizing radiation and the need for contrast which limits its
utility in patients with renal failure. Among nine long-term survivors of
Hodgkin’s disease, eight had coronary artery disease detected by CT scan. Long
segment disease and focal stenosis due to plaque were demonstrated, and
calcium scores were higher than the reference range for this age group [66]. CT
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scan allows visualization of pericardial calcification and hence is useful in the
diagnosis of constrictive pericarditis, which is a dreaded complication in cancer
survivors exposed to mediastinal radiotherapy [66]. In survivors with valvular
heart disease, CT scan can provide three-dimensional information about the
pathology of valvular apparatus and themechanism of stenosis or regurgitation
[67••].

Biomarkers for detection of LV dysfunction
Both NT-pro BNP and troponin, cardiac myocyte proteins can be elevated
during or shortly after receiving chemotherapy [68]. Elevated troponin in the
first 3 months of doxorubicin therapy was found to be associated with lower LV
mass and lower LV posterior wall thickness at 4.1 years follow-up [68]. There-
fore, an acute rise in troponin during chemotherapy may predict the risk of late
onset LV dysfunction. However, troponin is not a useful biomarker for detec-
tion of late onset cardiotoxicity [69•]. NT-pro B type natriuretic peptide was
shown to have low sensitivity and positive predictive value, with high specificity
and negative predictive value for late onset cardiotoxicity [69•]. In a study of 63
long-term CCSs, plasma B natriuretic peptide levels showed mild elevation in
survivors with cardiac dysfunction compared to those without dysfunction
(23.4 ± 25.3 vs. 14.2 ± 8.9 pg/ml, p 0.02), although the values were not clini-
cally significant [70]. In a systematic review of eight studies, both NT-pro B
natriuretic peptide and troponin were shown to have limited utility as diag-
nostic biomarkers of late onset LV systolic dysfunction (reduced LVEF) in CCSs.

Cardiopulmonary exercise response
In the St. Jude lifetime cohort study, 17.6% of CCSs had reduced exercise
tolerance (G 490 m on 6 min walk test). Survivors with abnormal GLS had
lower exercise tolerance determined by 6 min walk test compared to those with
normal GLS (560 vs. 590 m, p = 0.0002). A reduced maximum volume of
oxygen consumption (VO2 max) was demonstrated in 47% of 138 survivors of
acute lymphoid leukemia at a median duration of 23.4 years after diagnosis
and was more common in those exposed to AC (56%) compared to those who
were not exposed to AC (17%, p G 0.001) [45•]. Thirty percent of survivors of
Hodgkin’s disease had severe decrease of VO2 max to below 20 ml/kg/m2 at
14.3 years from diagnosis [8]. They were also noted to have blunted blood
pressure response (27%), monotonous heart rate response (57%), and persis-
tent tachycardia (31%) indicating autonomic dysfunction [8]. In a 10-year
follow-up of CCSs who underwent AC chemotherapy and had normal baseline
LVEF, the biventricular systolic and diastolic response (strain and tissue Dopp-
ler indexed) to exercise were similar to that of healthy controls [71].

Prevention and treatment of cardiotoxicity

Due to the progressive nature of the myocardial damage, vigilant surveillance
and closer follow-up of high-risk survivors are essential to detect, treat, and
prevent worsening of late onset cardiotoxicity. Dexrazoxane is a
cardioprotective agent which acts by iron chelation, decreases free radical
generation, and alters the topoisomerase activity to decrease binding to AC [72–
76]. Lipshultz et al. have shown higher troponin T in the group treated with
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Doxorubicin alone compared to the group treated with dexrazoxane and
doxorubicin [68]. In addition, studies have shown that dexrazoxane does not
interfere with oncologic efficacy and hence is not associated with an increased
risk of secondary malignancies, while providing cardio protection [77••]. The
Children’s Oncology group administers dexrazoxane routinely in patients who
are exposed to 9 150 mg/m2 of AC or any AC dose with concomitant radio-
therapy [78] and the use of dexrazoxane for cardioprotection has been endorsed
by the American Heart Association and the American Academy of Pediatrics
[79]. Doxil, a liposomal form of doxorubicin, has been shown to decrease
myocardial damage due to decreased free circulating levels of doxorubicin [80].
Animal studies have shown cardioprotection with nutritional supplements
such as coenzyme Q, selenium, vitamin C, and vitamin E, but their usage in
humans is not approved [81–83]. Altering the modifiable risk factors for
cardiovascular disease in survivors such as physical inactivity, obesity, smoking
and alcohol consumption and prevention and management of hypertension,
diabetes, metabolic syndrome, and dyslipidemia is beneficial in CCSs and
would also delay the onset of cardiotoxicity.

In asymptomatic patients with decreased LVEF, the use of angiotensin
converting enzyme inhibitors or beta blockers has not shown to be beneficial
[84]. In patients with symptomatic heart failure, enalapril decreases afterload
and has been shown to cause transient improvement in LV function but did not
prevent progression of thinning of the LV [85]. In patients with symptomatic
heart failure, diuretic therapy can provide symptomatic relief. The use of car-
vedilol was not associated with improvement in clinical outcomes [86]. In
patients with decompensated heart failure, refractory to medical therapy, car-
diac transplantation is indicated [87]. Mechanical devices such as pulsatile or
continuous flow ventricular assist device or extracorporeal membranous oxy-
genation can be used to support these patients as a bridge to cardiac trans-
plantation [87, 88].

Conclusion

The field of cardio-oncology has undergone rapid advancements over the
last three decades due to increase in cancer survivorship. Due to the
irreversible nature of chemotherapy-related cardiotoxicity, the goals in the
long-term care of these patients are early detection of subclinical cardio-
vascular dysfunction and prevention of progression of late cardiotoxicity in
addition to treatment of cardiotoxicity. Although most commonly used, the
conventional echocardiographic parameters such as ejection fraction and
shortening fraction may not detect early cardiovascular damage in child-
hood cancer survivors. Speckle tracking echocardiography is a useful ad-
junct and has been shown to detect decline in cardiac function prior to
conventional echocardiography. Use of three-dimensional echocardiography
is superior to 2D echocardiography in the assessment of ventricular func-
tion and should be used when available. However, in patients with poor
acoustic windows, the estimation of EF and strain analysis is inaccurate. In
this scenario, cardiac MRI provides accurate assessment of cardiac volumes
and function. With the use of T1 mapping and extracellular volume
assessment, cardiac MRI detects myocardial tissue changes such as fibrosis.
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Despite significant advancements in early detection of cardiac damage,
evidence-based recommendations for prevention or altering cardiotoxicity
in pediatric cancer patients are lacking.
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