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   Five - year sur vival for child hood can cer now exceeds 85 % . However, for many patients, treat ment requires the use of 
inten sive anthracycline - based che mo ther apy and radio ther apy, both of which are asso ci ated with sig nifi   cant long - term 
car dio vas cu lar tox ic ity. As such, late car dio vas cu lar dis ease is now one of the lead ing causes of pre ma ture mor bid ity and 
mor tal ity among child hood can cer sur vi vors. Recent advances over the past decade have refi ned the cardiotoxic poten-
tial of var i ous che mo ther a peu tics, and ongo ing work seeks to deter mine the effi  cacy of var i ous cardioprotective strat e-
gies in chil dren receiv ing active can cer ther apy. The devel op ment of risk pre dic tion mod els offers an addi tional strat egy 
to defi ne risk for both newly treated and long - term sur vi vors. Current screen ing strat e gies are pri mar ily based on 
 echo car di og ra phy, although there is active research inves ti gat ing meth ods to fur ther opti mize screen ing through myo-
car dial strain, car diac mag netic res o nance imag ing, blood bio mark ers, and genet ics, along with the cost -  effec tive ness 
of dif fer ent screen ing strat e gies. Active research is also underway inves ti gat ing the effi  cacy of pre ven tion strat e gies for 
child hood can cer sur vi vors who have com pleted can cer ther apy. This ranges from the use of med i ca tions to mit i gate 
poten tial path o logic ven tric u lar remodeling to reduc ing adverse and mod i fi  able car dio vas cu lar risk fac tors (eg, hyper-
ten sion, dyslipidemia, insu lin resis tance, phys i cal inac tiv ity, tobacco expo sure), many of which may be more com mon in 
can cer sur vi vors vs the gen eral pop u la tion and are often underrecognized and undertreated in rel a tively young adult -
 aged sur vi vors of child hood can cer.  

   LEARNING OBJECTIVES 
    •  Describe strat e gies to iden tify sur vi vors of child hood can cer who are at increased risk for late cardiotoxicity 
   •  Understand the cur rent mon i tor ing strat e gies for car dio vas cu lar tox ic ity after child hood can cer  

  Introduction 
 Refi nements in can cer ther a pies have resulted in dra-
matic improve ments in the cur abil ity of all  child hood can-
cers, includ ing leu ke mias and lym pho mas. 1  While 5 - year 
sur vival rates among indi vid u als diag nosed with can cer 
dur ing child hood and ado les cence are now over 85 % , 
late mor tal ity rates remain increased com pared with the 
gen eral US pop u la tion. 2,3  Premature car dio vas cu lar dis-
ease, includ ing car dio my op a thy / heart fail ure, ische mic 
heart dis ease, val vu lar dis ease, and stroke, is a lead ing 
con trib u tor to this late mor tal ity. 4,5  Various strat e gies 
may reduce the con tri bu tion of car dio vas cu lar dis ease 
to mor tal ity among sur vi vors. These range from pri mary 

pre ven tion (eg, reduc ing expo sure to cardiotoxic can-
cer treat ments) to refi ne ments in risk pre dic tion that 
can guide more targeted posttreatment screen ing (both 
imag ing and blood - based bio mark ers) and devel op ment 
of sec ond ary pre ven tion strat e gies (eg, bet ter con trol 
of tra di tional car dio vas cu lar risk fac tors, includ ing life-
style inter ven tions, use of med i ca tions to mit i gate post - 
treatment path o logic left ven tric u lar remodeling). 6  Finally, 
among those with clin i cal dis ease, the opti mal approach 
to man ag ing pre ma ture car dio vas cu lar dis ease in these 
often youn ger patients remains unclear and is often 
adapted from treat ment par a digms used for older pop u-
la tions. Herein, we dis cuss cur rent approaches to reduce 
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the burden of cardiotoxicity among children and adolescents 
diagnosed with cancer.

CLINICAL CASE
A 3-year-old girl on therapy for acute myeloid leukemia (AML) 
completed daunorubicin-based induction therapy (300  mg/m2 
over 2 courses) and is now in remission without detect
able minimal residual disease. However, prior to starting a 
mitoxantrone-based intensification course, she has a routine 
surveillance echocardiogram and is found to have an ejection 
fraction of 48%, decreased from 56% from her prior echocar
diogram. Her treating physicians elect to repeat her echocar
diogram 1 week later, when the ejection fraction is improved to 
52%, and she proceeds with treatment, receiving a cumulative 
mitoxantrone dose of 48  mg/m2. Two months later, she gets 
her end-of-therapy echocardiogram, which shows an ejection 
fraction of 55%. Nevertheless, based on a cardiovascular risk 
calculator designed specifically for childhood cancer survivors 
(ccss.stjude.org/cvaclc), she is at very high risk of future car
diomyopathy given her young age, female sex, and cumulative 
anthracycline dose (doxorubicin equivalent dose of 630  mg/m2: 
daunorubicin [0.5 equivalence]  =  150  mg/m2; mitoxantrone 
[10.0 equivalence]  = 480  mg/m2), with an estimated probability 
of developing heart failure by age 50 years of 13.1% (95% con
fidence interval, 9.1%-17.0%), which is over 30-fold greater than 
the risk for a noncancer sibling comparison group.

Mitigating cardiovascular disease risk
Although the past 70 years have seen a dramatic improvement 
in the cure rates of most childhood cancers, in many instances, 
this has required significant intensification of therapies, includ
ing the use of radiotherapy, anthracycline chemotherapy, and 
hematopoietic cell transplantation.1 While refinements over the 
past several decades have led to a reduction in specific cardio-
toxic exposures such as radiotherapy for many patients with 
acute lymphoblastic leukemia (Table 1) and Hodgkin lymphoma 
(Table 2),7,8 the emphasis on anthracycline and hematopoietic cell  

Table 1. Rate (prevalence) ratio of late cardiovascular disease among acute lymphoblastic leukemia survivors (n = 6148)  
from the Childhood Cancer Survivor Study by treatment group

Treatment group Heart failure, RR (95% CI) Coronary artery disease, RR (95% CI) Stroke, RR (95% CI)

1970s 1.0 (Ref) 1.0 (Ref) 1.0 (Ref)

1980s high risk 0.9 (0.3-2.5) 1.1 (0.3-3.3) 0.6 (0.2-1.7)

1980s standard risk 0.6 (0.2-1.6) 0.6 (0.2-1.8) 1.5 (0.7-3.2)

1990s high risk 0.4 (0.1-2.0) 0.0 (0.0-0.02)* 1.1 (0.4-3.6)

1990s standard risk 0.0 (0.0-0.1)* 0.5 (0.2-1.5) 0.4 (0.1-0.9)

From Dixon et al.7

*No events reported for these groups.
CI, confidence interval; RR, relative risk.

transplantation for AML and relapsed hematologic malignancies 
may contribute to increased cardiovascular morbidity in those 
survivors.9 The development of newer molecular targeted thera
pies may reduce reliance on conventional cytotoxic chemothera-
pies, and refinements in radiotherapy may reduce damage to the 
heart and great vessels.10

In addition to reducing reliance on anthracyclines and radio
therapy, alternative formulations of anthracyclines may be asso
ciated with differential rates of cardiotoxicity. Recent analyses 
of childhood cancer survivors have found that hematologic 
toxicity equivalency may not translate to cardiotoxicity, and 
that compared with doxorubicin, daunorubicin may be sub
stantially less cardiotoxic while mitoxantrone may be substan
tially more cardiotoxic than previously considered (Figure 1).11,12  
Other strategies effective in adults, such as use of liposomal for
mulations and prolonged infusion of anthracyclines, have limited 
data supporting their efficacy in pediatrics.6

Concurrent administration of potential cardioprotectants 
such as dexrazoxane represents another primary preventa
tive strategy. While data supporting dexrazoxane remain most 
robust for adult patients with breast cancer, clinical trial data 
from children treated for leukemia and lymphoma suggest that 
concurrent administration is safe, with short- and medium-term 
efficacy and emerging evidence of potential longer-term ben
efit.6,13 The Children’s Oncology Group is currently conduct-
ing prospective follow-up of patients previously treated on 
dexrazoxane-containing clinical trials to determine long-term 
efficacy (ALTE11C2; ClinicalTrials​.gov NCT01790152), as well as 
a phase 3 clinical trial testing the efficacy of liposomal dauno
rubicin with cytarabine along with daunorubicin and mitoxan-
trone with dexrazoxane in newly diagnosed patients with AML 
(AAML1831; ClinicalTrials​.gov NCT04293562).

Although most children who are newly diagnosed with can
cer lack conventional cardiovascular risk factors (eg, hyperten
sion, dyslipidemia, diabetes), obesity at diagnosis has been 
associated with worse oncology outcomes,14 and subsequent 
development of these potentially modifiable risk factors greatly 
increases the risk of significant heart disease.15 In large cohort 
studies, childhood cancer survivors who are more physically 
active early on during the survivorship period were observed to 
have a strongly attenuated risk of late mortality.16

http://ccss.stjude.org/cvaclc
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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Monitoring for cardiovascular toxicity
Cardiovascular risk prediction
Although radiation and anthracycline dose have been long 
established as key risk factors for cardiovascular disease in can
cer survivors, individualized risk prediction models have been 
developed recently that incorporate these exposures along 
with demographic (ie, sex, age at cancer diagnosis) and other 
health characteristics (ie, presence of diabetes, dyslipidemia, 
and/or hypertension) to provide risk estimates for future seri
ous cardiovascular outcomes for childhood cancer survivors 
who have survived a minimum of 5 years from cancer diagnosis 
up through age 50 years with reasonable accuracy (Figure 2; 
publicly available online calculator at ccss.stjude.org/cvcalc).15 
Models that also incorporate cost-effectiveness estimates for 
current echocardiographic screening modalities add addi
tional nuance to future screening strategies.17 Risk prediction 
may also be further refined by incorporating genetic risk fac
tors and imaging biomarkers.

Imaging strategies
As cardiotoxicity may not manifest until decades after can
cer treatment, lifelong surveillance of at-risk childhood cancer  
survivors is recommended.4 Serial echocardiography is gener
ally used to monitor cardiac function during and after pediatric  
cancer therapy due to its widespread availability, lack of inva
siveness, and lack of patient-related barriers such as poor 
renal function or claustrophobia.18 While most echocardio
grams have typically focused on 2-dimensional measurements 
of left ventricular systolic function such as ejection fraction 
(EF) and fractional shortening (FS), 2-dimensional echocar
diography is limited by both reliance on geometric assump
tions of left ventricular morphology and greater inter- and 
intraobserver variability when compared with 3-dimensional 
echocardiography or cardiac magnetic resonance (CMR) 
imaging.19 Changes in EF and FS are also felt to represent later 
markers of cardiotoxicity, and earlier markers of disease, such 
as changes in myocardial strain, may enhance the ability of  

Table 2. Cumulative incidence of serious late cardiopulmonary conditions among Hodgkin lymphoma survivors (n = 2996)  
from the Childhood Cancer Survivor Study by select treatment groups

Treatment group Cumulative incidence by age 30 years, % (95% CI)

Contemporary therapy (n = 229)* 8.2 (3.7-15.0)

Chemotherapy† without chest radiation (n = 216) 2.8 (0.9-6.6)

Salvage therapy (n = 296)‡ 12.4 (8.4-17.2)

Chest radiotherapy ≥35 Gy (n = 1215)§ 7.1 (5.6-8.9)

From Oeffinger et al.8

*Based on Children’s Oncology Group protocols AHOD0431 (low risk) and HOD0031 (intermediate risk) with doxorubicin <205  mg/m2, cyclophospha
mide 2000 to 3900  mg/m2, any vincristine, and prednisone, with or without involved field radiation ≤26 Gy.
†Any anthracycline plus any alkylator.
‡Treatment for relapse with or without autologous or allogeneic hematopoietic cell transplantation within 5 years of cancer diagnosis.
§With or without chemotherapy; not mutually exclusive with salvage therapy group.

Figure 1. Risk of cardiomyopathy associated with (A) daunorubicin and (B) mitoxantrone relative to doxorubicin. Markers and 
extending 95% confidence intervals for each agent represents estimates from a Cox proportional hazards model based on cat-
egorical dose increments. Each marker is placed at the median dose on the x-axis for each category. Lines represent the linear 
(solid) and linear exponential (dashed) modeled continuous dose-response relationships. From Feijen et al.11,12

http://ccss.stjude.org/cvcalc
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echocardiography to detect earlier cardiotoxicity in cancer 
survivors (Figure 3).20 Nevertheless, acute drops in EF or FS 
during therapy may be important prognostically, with recent 
data from pediatric patients with AML showing that those with 
acute cardiotoxicity (>10% of patients) had an approximate 
60% increased relapse and mortality risk (Figure 4).21 How-
ever, detailed information on treatment modifications follow
ing acute cardiotoxicity was not captured, which precluded 
the ability to determine if lower cumulative anthracycline 
exposure mediated the association between cardiotoxicity, 
relapse, and mortality risk.

Left ventricular myocardial strain imaging quantifies defor
mation of the ventricle during the cardiac cycle. Evidence from 
individuals diagnosed with cancer during adulthood indicate 
that a relative reduction of global longitudinal strain by 10% to 
15% during therapy is a predictor for future declines in EF and 
symptomatic heart failure.22 The value of myocardial strain imag
ing for early detection and improved response to cardioactive 
therapy is further supported by the recent SUCCOUR study.20 In 

this study, EF 1 year after treatment was better preserved with a 
global longitudinal strain–guided approach to initiation of cardio-
active medications in comparison with an EF-guided approach. 
However, similar studies are needed in pediatric patients with 
cancer before strain imaging can be routinely incorporated as 
part of clinical care.

Although most screening is performed using echocardiogra
phy, CMR can more precisely quantify left ventricular systolic 
function among survivors with borderline left ventricular EF 
(LVEF) by echocardiography (50%-59%).23 CMR also more accu
rately quantifies left ventricular mass, which can be abnormally 
low in approximately half of childhood cancer survivors with 
abnormal EF,23 and provides tissue characterization (Figure 5).  
Low left ventricular mass may have prognostic value among 
these survivors as it has been shown to be associated with an 
increased risk for adverse cardiovascular events among sur
vivors of adult-onset cancer.24 In addition, approximately one-
third of childhood cancer survivors may have right ventricular 
dysfunction, and CMR is the preferred method to evaluate the 
right ventricle.25

In the setting of radiation therapy, routine screening may 
also include assessments of valvular and vascular function. This 
can include echocardiography for valvular assessment, carotid 
artery ultrasound for survivors exposed to high-dose neck radi
ation, and coronary artery screening for survivors exposed to 
chest radiation, given the association between radiation expo
sure and premature atherosclerosis.4,16

Blood-based biomarkers
Although data from adult patients with cancer have found that ele
vated troponin, brain natriuretic peptide, and other blood-based 
biomarkers during treatment can be associated for cardiotoxicity,  
data supporting the routine use of blood biomarkers are 
largely lacking for pediatric patients with cancer.26 For exam
ple, although troponin and brain natriuretic peptide may be 
elevated in childhood cancer survivors at risk for cardiotoxicity, 
current data suggest the sensitivity of these markers is low and 
should not be used in place of imaging as a screening modal
ity.27 However, it is possible that a combined imaging plus blood 
biomarker approach could improve the accuracy of both tools.

Managing cardiovascular toxicity
Prophylaxis
Medical therapy for pediatric cancer survivors relies on the pil
lars of goal-directed medical therapy recognized by the Amer
ican Heart Association and American College of Cardiology 
for the treatment of left ventricular systolic dysfunction: beta-
blockers, angiotensin converting enzyme inhibitors, angioten
sin receptor blockers, mineralocorticoid inhibitors, angiotensin 
receptor neprilysin inhibitors, and sodium-glucose cotransporter 
inhibitors.28 In the prophylactic setting, data from individuals 
diagnosed with cancer in adulthood suggest better preserva
tion of cardiac function (LVEF, strain, diastolic function) with 
beta-blocker and/or angiotensin converting enzyme inhibitor 
therapy prior to cancer treatment,29,30 but there are conflicting 
data regarding optimal drug classes, and an association with 
improvement in clinical symptom-based outcomes has not 
been definitively described. For these reasons, and in consid
eration of potential side effects of these medications such as 

Figure 2. Predicted and observed incidence rates for (A) heart 
failure, (B) ischemic heart disease, and (C) stroke among child-
hood cancer survivors with predicted moderate- and high-risk 
status across each 5-year age time point, per models accessed 
at ccss.stjude.org/cvcalc. From Chen et al.15

http://ccss.stjude.org/cvcalc
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hypotension, renal dysfunction, and electrolyte imbalances that 
may impede cancer therapy, prophylactic therapy is not uni
versally recommended for pediatric patients. At present, there 
is an ongoing double-blinded, placebo-controlled randomized 
clinical trial of low-dose carvedilol being conducted within the 
Children’s Oncology Group (protocol ALTE1621; ClinicalTrials​
.gov NCT01347970) that will assess the efficacy of this strategy 
in mitigating development of late cardiotoxicity among survivors 

of childhood and adolescent cancer who are at least 2 years off 
cancer therapy and who received at least 250  mg/m2 doxorubi
cin (or equivalent anthracycline dose).

Control of modifiable cardiovascular conditions
Although it has been shown that the presence of comorbid 
modifiable cardiovascular risk factors such as hypertension, dys-
lipidemia, and diabetes substantially increases the risk of late 
cardiovascular disease in childhood cancer survivors,15 signifi
cant proportions of long-term survivors remain undiagnosed.31 
Even when diagnosed, young and middle-aged adult survivors 
of childhood cancer may be more than twice as likely to be 
undertreated for these conditions compared with a matched 
general population sample.31 Along with promoting healthier 
lifestyle behaviors (physical activity, diet, and smoking cessa
tion), increasing awareness among childhood cancer survivors 
and their health care providers of the importance of screening 
for and controlling these cardiovascular risk factors may reduce 
their long-term cardiovascular risk.

Subclinical cardiac dysfunction
The American Heart Association and American College of Car-
diology use a 4-stage grading system for heart failure, with 
stage B representing individuals with evidence of heart disease 
but no symptoms or signs of heart failure (Visual Abstract).28 
Among individuals with stage B heart failure, evidence for 
medical therapy is most robust for those with an LVEF <40%. 
There is some evidence from a promising retrospective sin
gle-center study of 22 childhood cancer survivors that  

Figure 3. Example of borderline left ventricular systolic function (ejection fraction of 50%-55%) per 2-dimensional echocardio-
gram supplemented with myocardial strain measurements, which show abnormal global longitudinal strain (−12.3%) 15 years after 
cancer treatment. Patient was originally treated for Hodgkin lymphoma per Children’s Oncology Group protocol AHOD0031 with 
doxorubicin, bleomycin, vincristine, etoposide, cyclophosphamide, and neck radiation.

Figure 4. Cox model-predicted curve for overall survival (OS) 
among pediatric patients with AML treated on Children’s On-
cology Group trial AAML0531 without LVSD and those with 
infection-associated LVSD and non-infection-associated LVSD. 
From Getz et al.21

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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angiotensin converting enzyme inhibitors and angiotensin 
receptor blockers can provide a sustained improvement in 
strain for greater than 1 year.32 However, an earlier retrospective 
study in 18 children by Lipshultz et al33 initially demonstrated 
an improvement in LVEF with enalapril, but this benefit was no 
longer observed after 6 to 10 years off therapy. A double-blind,  
randomized trial conducted compared enalapril to placebo in 
135 long-term anthracycline-exposed pediatric cancer survi
vors with a history of having at least 1 abnormal cardiac find
ing.34 While Silber et al34 did not find any differences in their 
primary outcome (myocardial contractility index), they did 
find that enalapril was significantly associated with reduced 
left ventricular end-systolic wall stress within the first year 
of therapy and that this difference was maintained over the 
study’s 5-year follow-up period.

Symptomatic cardiac dysfunction
Although cardiovascular morbidity and mortality may be 
higher for cancer survivors with heart failure compared with 
individuals with heart failure without a history of cancer, sur
vivors of childhood cancer with symptomatic cardiac dysfunc
tion (stage C heart failure; Visual Abstract) should be treated 
according to the current heart failure guidelines.28 Angiotensin 
converting enzyme inhibitors and angiotensin receptor block
ers have traditionally been the focus of neurohormonal therapy 
in the field of cardio-oncology, although recent studies have 
suggested an additional improvement in EF among patients 
previously treated with these therapies who transition to sacu-
bitril-valsartan.35,36

Outcomes after incident myocardial ischemia may also be 
worse among cancer survivors at large vs the general popu
lation.37 In cancer survivors with radiation-related valvular dis
ease, surgical repair or replacement is associated with poor 
5-year survival.38 The observation of increased short- and long-
term mortality in patients undergoing surgical procedures for 
radiation-related cardiovascular disease extends beyond valve 
surgery to other cardiac surgeries as well.39 However, much of 
the evidence base is derived from the experience of adult-on-
set cancer survivors, and research examining these outcomes 
specifically in childhood cancer survivors remains limited.

Figure 5. Example of cardiac magnetic resonance imaging revealing mildly reduced ejection fraction (52%; lower end of normal 
being 58%) with mid-myocardial delayed enhancement indicative of cardiac fibrosis (white arrows) in a long-term non-Hodgkin 
lymphoma survivor >30 years after doxorubicin-based chemotherapy who presented with premature ventricular contractions.

CLINICAL CASE (Continued)
Our patient receives serial echocardiograms every 2 years per 
current Children’s Oncology Group recommendations (www​
.survivorshipguidelines​.org) following completion of her AML 
therapy. When she is 10 years off therapy (age 13 years), a routine  
screening echocardiogram is obtained and is concerning for 
lower left ventricular function with an ejection fraction of 49%, 
with wall dimensions that appear thin for age and concern-
ing for dilatation (several z scores greater than −2). Global 
longitudinal myocardial strain is also measured and is −14%. 
Reviewing her recent echocardiograms, dilatation and thin
ning had possibly started several years earlier. She is referred 
to cardiology, where she is started on enalapril, although evi
dence guiding the use of this intervention is limited in this set
ting. She remains asymptomatic but tolerates this intervention 
without problems. However, more research will be needed to 
determine the optimal drug(s), dosing, and duration of this 
treatment (ie, time limited if improvements are seen after a 
few years vs lifelong).

Conclusions
As more children survive cancer, treatment-related cardiovas
cular morbidity and mortality is becoming of greater concern. 
With increasing awareness and a growing body of research, 
effective strategies including prevention, earlier detection, 
and improved treatment of clinical heart disease offer the 
promise of improved long-term cardiovascular health among 
childhood cancer survivors. To bring these strategies to fru
ition, work to further risk-stratify individuals before, during, 
and after cancer treatment will be essential. This includes 
refinements in imaging and defining useful nonimaging bio
markers (including genetics), as well as incorporating cost-
effectiveness principles. Additionally, identifying the specific 
underlying pathophysiologic processes that lead to cancer 
treatment–related cardiovascular toxicity and expanding the 
evidence base for effective treatment of those with clinical 
heart disease are also required. These advances will reduce 
the cost of cure among survivors.

http://www.survivorshipguidelines.org
http://www.survivorshipguidelines.org
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