
Cardiovascular Disease in Adult Survivors of Childhood Cancer

Steven E. Lipshultz1,2, Vivian I. Franco1, Tracie L. Miller3, Steven D. Colan4,5, and Stephen 
E. Sallan5,6,7

Steven E. Lipshultz: slipshultz@med.wayne.edu; Vivian I. Franco: vfranco@med.wayne.edu; Tracie L. Miller: 
tmiller2@med.miami.edu; Steven D. Colan: steven.colan@cardio.chboston.org; Stephen E. Sallan: 
stephen_sallan@dfci.harvard.edu
1Department of Pediatrics, Wayne State University School of Medicine, Detroit, Michigan 48201

2Children’s Hospital of Michigan, Detroit, Michigan 48201

3Department of Pediatrics, University of Miami Miller School of Medicine, Miami, Florida 33101

4Department of Cardiology, Boston Children’s Hospital, Boston, Massachusetts 02115

5Department of Pediatrics, Harvard Medical School, Boston, Massachusetts 02115

6Division of Pediatric Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02215

7Boston Children’s Hospital, Boston, Massachusetts 02115

Abstract

Treatment advances have increased survival in children with cancer, but subclinical, progressive, 

irreversible, and sometimes fatal treatment-related cardiovascular effects may appear years later. 

Cardio-oncologists have identified promising preventive and treatment strategies. Dexrazoxane 

provides long-term cardioprotection from doxorubicin-associated cardiotoxicity without 

compromising the efficacy of anticancer treatment. Continuous infusion of doxorubicin is as 

effective as bolus administration in leukemia treatment, but no evidence has indicated that it 

provides long-term cardioprotection; continuous infusions should be eliminated from pediatric 

cancer treatment. Angiotensin-converting enzyme inhibitors can delay the progression of 

subclinical and clinical cardiotoxicity. All survivors, regardless of whether they were treated with 

anthracyclines or radiation, should be monitored for systemic inflammation and the risk of 

premature cardiovascular disease. Echocardiographic screening must be supplemented with 

screening for biomarkers of cardiotoxicity and perhaps by identification of genetic susceptibilities 

to cardiovascular diseases; optimal strategies need to be identified. The health burden related to 

cancer treatment will increase as this population expands and ages.
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INTRODUCTION

Of the 13.7 million cancer survivors in the United States, nearly 400,000 are survivors of 

childhood cancer, of whom 20% have survived more than 35 years after diagnosis (1, 2). 
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However, with survival comes vulnerability to adverse health outcomes, including cardiac 

disease, from the treatments that cured their cancer (3–5).

The leading noncancer-related cause of morbidity and mortality in long-term survivors is 

cardiovascular disease (4–8). Compared with the general population, survivors are eight 

times more likely to die from cardiovascular-related disease (9). Compared with sibling 

controls, they are 15 times more likely to experience heart failure (HF), 10 times more likely 

to have coronary artery disease, and 9 times more likely to have had a cerebrovascular 

accident during the first 30 years after cancer diagnosis (4). These risks may persist for at 

least 45 years after treatment and often increase (10).

Late-occurring cardiotoxicity related to anthracycline treatment is initially subclinical, often 

progressive, potentially severe, and sometimes fatal (11). More than half of survivors have 

subclinical cardiac abnormalities 5–10 years after chemotherapy (3, 12, 13).

CARDIOVASCULAR EFFECTS OF CANCER TREATMENTS

Cardiotoxicity related to treatment of childhood cancer can be categorized as acute, early 

onset, or late onset (14). Less than 1% of children experience acute cardiotoxicity resulting 

in acute HF when treated with front-line cancer protocols; acute cardiotoxicity may be 

caused by several anticancer drugs, including anthracyclines or alkylating agents. Acute 

anthracycline-induced toxicity occurs within one week of starting therapy. It is characterized 

by transient electrophysiological abnormalities, rare fatal arrhythmias, a pericarditis-

myocarditis syndrome, or, rarely, fatal acute left ventricular (LV) dysfunction. These 

symptoms usually resolve after stopping anthracyclines, but patients who are affected early 

are at greatest risk for manifesting late cardiotoxicity as survivors (14).

Early-onset cardiotoxicity occurs within the first year of therapy. The damage may persist or 

progress even after therapy is discontinued. Heart failure and pericardial effusion are 

examples of early-onset cardiotoxicity. Pericardial effusion is rare but may result in cardiac 

tamponade in children. As pericardial fluid accumulates, the rise in pressure decreases 

diastolic filling, which results in decreased cardiac output. Emergency pericardiocentesis 

may be indicated.

Late-onset anthracycline cardiotoxicity occurs a year or more after therapy (14) and, in 

addition to long-term cardiac dysfunction, is characterized by impaired myocardial growth. 

The LV wall is disproportionately small in relation to somatic growth, owing to the loss of 

functional cardiomyocytes and a reduction in LV mass or LV mass-to-volume ratio (3). 

Given this difference in growth, the loss of cardiomyocytes progressively increases LV 

afterload and reduces LV systolic function, which may result in depressed LV contractility 

and can progress to HF and death.

In survivors who were treated as children, toxicity initially manifests as an atypical form of 

cardiomyopathy that may have slow or absent progression for many years. Abnormal LV 

diastolic function is more evident than LV systolic dysfunction. At the completion of 

anthracycline chemotherapy for childhood cancer, an asymptomatic dilated cardiomyopathy 

is often measured, which progressively shows restrictive physiology. This is in contrast to 
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survivors who were treated as adults, who tend to present with a dilated cardiomyopathy. 

Late-onset HF is recalcitrant to usual therapies, and no therapy is of proven benefit.

Several anticancer drugs and ionizing radiation can cause cardiotoxicity. Among the 

commonly used cardiotoxic drugs are anthracyclines (e.g., doxorubicin, daunorubicin, 

idarubicin), alkylating agents (e.g., cyclophosphamide, ifosfamide, cisplatin), therapeutic 

antibodies (e.g., bevacizumab), and tyrosine kinase inhibitors (e.g., imatinib, dasatinib, 

sunitinib, sorafenib) (Table 1).

Anthracyclines

About half of long-term survivors of childhood malignancies received anthracyclines, a class 

of drugs whose cardiotoxicity has been known for more than 40 years (14). These drugs are 

used to treat both hematological malignancies and solid tumors. The most commonly 

hypothesized mechanism for anthracycline-induced cardiotoxicity is the generation of free 

radicals and super-oxides. Anthracycline-induced loss or damage to a critical number of 

cardiomyocytes decreases the number of residual myocardial cells, which are required to 

generate a normal myocardial mass, despite the marked hypertrophy of the remaining 

cardiomyocytes (3). Cardiomyocyte loss leads to LV wall thinning and, with early to 

intermediate follow-up during the first six years after anthracycline therapy, to progressive 

LV dilation. Cardiomyocyte mitochondrial structure and function are particularly affected by 

anthracycline exposure, and these effects may be persistent (15).

Alkylating Agents

Alkylating agents are used to treat a variety of solid tumors, as well as in conditioning 

regimens for transplantation. Cyclophosphamide exerts its cardiotoxicity by direct 

endothelial damage, leading to leakage of plasma proteins and erythrocytes. Abnormal LV 

wall thickness from interstitial edema and hemorrhage may reduce LV diastolic compliance, 

creating LV diastolic dysfunction and presenting as restrictive cardiomyopathy (16). With 

higher doses, myopericarditis may occur. These toxicities usually manifest early, as opposed 

to the delayed onset of anthracycline-induced cardiotoxicity.

Therapeutic Antibodies

Trastuzumab is primarily used to treat breast cancers (17), but it is used in some children 

with osteosarcoma whose tumors express the drug’s target, human epidermal growth factor 

receptor 2 (HER2) (18). Trastuzumab interferes with cellular repair and causes apoptosis. 

Cardiotoxic side effects include LV systolic dysfunction and HF (19). Additional risk factors 

for trastuzumab toxicity are concurrent anthracycline treatment and chest radiotherapy (20). 

In contrast to anthracycline-associated LV systolic dysfunction, trastuzumab-associated 

dysfunction often reverses after discontinuing the drug, and patients with LV systolic 

dysfunction may tolerate retreatment with trastuzumab (21).

A study of 41 children and adolescents with metastatic osteosarcoma that overexpressed 

HER2 found that trastuzumab could be safely given in conjunction with an anthracycline 

and the cardioprotectant dexrazoxane (22). No patient experienced HF, and biomarker 

concentrations for cardiotoxicity were normal. Newer anti-HER2 agents, such as lapatinib 
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and pertuzumab, may be less cardiotoxic than trastuzumab (19, 23). Data on using these 

agents to treat children are emerging (18, 24).

Tyrosine Kinase Inhibitors

Imatinib is a selective inhibitor of multiple tyrosine kinases that inhibits cellular downstream 

signaling and growth. Imatinib is used to treat chronic myeloid leukemia (CML) and 

Philadelphia-positive acute lymphoblastic leukemia (ALL) in both adults and children (25). 

It is rarely associated with HF, perhaps because of its inhibiting effects on cardiomyocytes 

(26). In a trial of 1,300 patients, 1.7% of adults receiving imatinib experienced HF, but <1% 

of these occurrences were related to the drug (27). Imatinib cardiotoxicity has not been 

reported in children (28, 29), but it has occurred in rat myocardium, with myocyte 

vacuolization, myofibrillar loss, interstitial lymphocytic infiltration, and fibrosis with 

myofibroblasts and chronic inflammatory cells (30).

Second- and third-generation tyrosine kinase inhibitors (e.g., dasatinib, nilotinib) are being 

used as front-line agents for CML because of their greater molecular efficacy (31). 

Ponatinib, which is efficacious against CML in patients with the T315I mutation that renders 

CML resistant to the other tyrosine kinase inhibitors, is associated with a nearly 12% 

incidence of serious arterial thrombotic events in adults (32). The vascular toxicity of 

nilotinib (33) raises concerns about the safety of this class of agents, particularly as front-

line agents for treating CML and other cancers (34). The late-occurring toxicities of tyrosine 

kinase inhibitors, first used two decades ago, remain unknown.

Inhibitors of Vascular Endothelial Growth Factor Receptors

Inhibitors of vascular endothelial growth factor (VEGF) receptors are used to supplement 

many other antitumor regimens because they change tumor vasculature. As a class, these 

drugs affect several signaling pathways and share similar cardiovascular side effects, 

particularly hypertension and, less commonly, cardiomyopathy. Hypertension caused by 

VEGF receptor inhibitors is usually acute and occurs within 2 weeks of administration (35). 

In adults with metastatic renal cell carcinoma, hypertension may even increase the 

anticancer efficacy of sunitinib, an inhibitor that targets multiple growth factor receptors that 

regulate both tumor angiogenesis and tumor cell survival (36). Drug-related hypertension is 

often controlled with standard antihypertensive agents, and treatment with VEGF receptor 

inhibitors rarely needs to be stopped.

Cardiomyopathy from VEGF receptor inhibitors occurs in adults; the incidence of 

symptomatic HF ranges from 1.5% to 15%, and the incidence of any LV systolic 

dysfunction ranges from 7% to 28% (37–39). LV systolic dysfunction, like that seen with 

trastuzumab, is often reversible, and therapy is rarely discontinued. These agents are 

associated with ischemic cardiac events and arrhythmias, including QT-interval prolongation 

(39).

Experience in children is limited (40–42). Given that these agents are tested in adults before 

children, and assuming they are effective, years of follow-up will be required to determine 

their long-term cardiovascular safety in children. This will be challenging because most 

trials do not use cardiovascular measures as primary or secondary endpoints, often exclude 
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patients with a history of cardiovascular disease, define cardiotoxicity differently, and often 

do not include prospective, longer-term monitoring (2).

Radiation Therapy

Cancer survivors treated with radiation therapy are particularly vulnerable to chronic 

pericardial disease; premature coronary artery disease; atherosclerosis; cardiomyopathy, 

including LV systolic and diastolic dysfunction (restrictive cardiomyopathy) leading to HF; 

valvular disease; and conduction abnormalities, all of which may appear decades after 

treatment (43).

Adams and coauthors (44) assessed long-term cardiovascular status in 48 survivors of 

childhood and adolescent Hodgkin’s lymphoma who had received mediastinal radiation 

(median dose of 40 Gy) and were asymptomatic at the time of evaluation. All but one 

survivor had cardiac abnormalities, including restrictive cardiomyopathy-like structural 

findings (decreased LV dimension and mass without increased LV wall thickness); 20 had 

marked valvular defects; 36 had conduction defects, including persistent tachycardia and 

autonomic dysfunction; and 14 had reduced peak oxygen uptake during exercise, a possible 

marker of subclinical HF.

Historically, cranial radiation has been used to treat the central nervous system in children 

with ALL. In one study, survivors who had received cranial radiation had decreased LV mass 

and LV dimension, probably secondary to postradiation hypothalamic and pituitary 

dysfunction, including growth hormone deficiency (45). Even if the survivors of childhood 

cancer had not received cardiotoxic chemotherapy, radiation therapy increased their risk for 

cardiac abnormalities, atherosclerotic disease, and systemic inflammation.

In a study of 201 survivors of childhood cancer, the 45 who had received radiotherapy but 

not cardiotoxic chemotherapy had decreases in LV mass and LV wall thickness that were 

similar to those in survivors who had also received cardiotoxic chemotherapy (46). 

Radiation-related cardiotoxicity, like anthracycline-related cardiotoxicity, progresses 

gradually and may remain latent for decades.

RISK FACTORS FOR CARDIOTOXICITY

The degree and progression of anthracycline-related toxicity vary widely among individuals, 

suggesting a genetic predisposition and the presence of modifiable and nonmodifiable risk 

factors (Table 2) (47).

A high cumulative dose of anthracyclines is the most important risk factor for late cardiac 

compromise. The risk is 11 times higher with a cumulative dose of >300 mg/m2 than it is 

with a dose of <300 mg/m2 (11, 48). However, because cardiac damage can occur at doses 

of <240 mg/m2 (49), there is no “safe” dose of anthracyclines.

Additional risk factors for cardiac abnormalities in cancer survivors include female sex, 

trisomy 21, younger age at treatment, longer follow-up after treatment, concomitant 

treatments (such as radiation therapy and trastuzumab), and the presence of preexisting 

cardiovascular disease and comorbidities (high blood pressure, obesity, physical inactivity) 
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(47). However, some patients appear to be more vulnerable than others, independent of these 

risk factors.

The overall prevalence of obesity in survivors is similar to that in the general population 

(50), although survivors treated with cranial radiation are at greater risk for obesity (45). 

Obesity is a serious health issue for survivors whose cardiovascular system might not be able 

to compensate for associated events, such as ischemia or atherosclerotic disease. Obesity, 

among other risk factors, also puts survivors of pediatric cancer at risk for metabolic 

cardiovascular disease. The median Pathobiological Determinants of Atherosclerosis in 

Youth score, a composite score of risk factors for cardiovascular disease, was measured in a 

diverse group of survivors (51). Based on traditional risk factors for cardiovascular disease 

as assessed by the PDAY score, more than half of survivors had at least 2.2 times greater 

odds of currently having an advanced coronary artery lesion than an individual of similar age 

and sex without risk factors for cardiovascular disease. However, the mean survivor score 

was not statistically different from the mean score of sibling controls. This risk was not 

strongly associated with a specific cancer type, cancer treatment, or marker of endocrine 

function, but there was a trend toward an association with physical inactivity and possibly 

with cranial irradiation (51).

Physical inactivity is among the most important modifiable risk factors associated with 

cardiovascular disease and other risks for atherosclerosis, such as metabolic syndrome. 

Survivors of childhood cancer more often report having an inactive lifestyle and are less 

likely to meet physical activity guidelines than their siblings or age- and sex-matched 

controls (52). Miller and coauthors (53) found that older age, a higher percentage of body 

fat, prior methotrexate exposure, and unusually high or low LV mass were associated with 

lower maximum oxygen consumption in survivors.

Survivors with a family history of premature cardiovascular disease and genetic 

susceptibilities to cardiovascular diseases might also be at increased risk of cardiotoxicity. 

Individual variation in the risk of anthracycline-related cardiotoxicity at a given dose 

suggests a genetic predisposition (54–58). Mutations of the hemochromatosis gene (HFE) 

that are associated with hereditary hemochromatosis can interfere with iron metabolism and 

lead to iron overload, thus increasing the susceptibility to anthracycline-related 

cardiotoxicity (54, 59). Based on the population frequency of carriers of the HFE C282Y 

mutation, 10% of children with ALL are carriers and the risk of doxorubicin-related 

myocardial injury is nine times higher in these carriers when compared with noncarriers 

(54). Patients who are homozygous for the G allele of the CBR3 gene, which encodes 

carbonyl reductase 3, are also at increased risk of cardiomyopathy (56).

PREVENTING CARDIOTOXICITY

Dexrazoxane decreases oxygen free radicals through intracellular iron chelation, thereby 

decreasing tissue damage (60). Its approval by the US Food and Drug Administration (FDA) 

for use as a cardioprotectant is currently limited to women with metastatic breast cancer who 

have received a cumulative dose of anthracycline of 300 mg/m2 or higher. According to the 

FDA’s approval statement, dexrazoxane has reduced the intermediate or surrogate endpoints 
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of cardiotoxicity in several randomized trials of children (61, 62). In August 2014, 

dexrazoxane was designated by the FDA an orphan drug for “prevention of cardiomyopathy 

for children and adolescents 0 through 16 years of age treated with anthracyclin” (62a).

In 206 children with ALL, dexrazoxane prevented or reduced cardiac injury, as reflected by 

fewer episodes of elevated serum concentrations of cardiac troponin T (cTnT), without 

compromising the antileukemic efficacy of doxorubicin (63). Longer-term follow-up of 134 

of the 206 children produced echocardiographic evidence that dexrazoxane was 

cardioprotective (Figure 1) (61). Other studies have found dexrazoxane to be 

cardioprotective in children treated with doxorubicin for T cell ALL and lymphoma (64), in 

children with osteosarcoma (22) whose treatment also included the known cardiotoxic drug 

trastuzumab, and in children with osteosarcoma treated with doxorubicin and dose 

escalations up to a cumulative dose of 600 mg/m2 (65). Dexrazoxane had greater long-term 

cardioprotective effects in girls than in boys, particularly with respect to changes in the LV 

end-diastolic thickness-to-dimension ratio, a marker of pathological LV remodeling (61).

Despite evidence suggesting the cardioprotective effects of dexrazoxane, in the United States 

only 2% of children with acute myeloid leukemia received dexrazoxane between 1999 and 

2009 (66). Further, notwithstanding the initial conflicting data (67, 68) that have not been 

substantiated with longer follow-up (69), several trials have found no association between 

dexrazoxane and an increased risk of secondary malignancies (64, 65, 70, 71) or decreased 

oncological efficacy (61, 73). In 553 children with high-risk ALL who received dexrazoxane 

as a cardioprotectant, only one additional malignant neoplasm was found (72). This finding 

contrasts with that from a randomized trial by the Pediatric Oncology Group, which found 8 

second malignancies among 239 children with Hodgkin’s lymphoma who had received 

dexrazoxane (74). This difference in findings likely results from differences in the 

underlying malignancy and other concurrent therapies. Finally, in a large multicenter 

randomized trial, dexrazoxane provided long-term cardioprotection without compromising 

oncological efficacy in 205 children treated with doxorubicin for high-risk ALL (61). An 

ongoing Children’s Oncology Group study is following children from two Hodgkin’s 

lymphoma trials and one T cell ALL clinical trial (74–76) to determine whether dexrazoxane 

exposure is associated with longer-term effects on cardiac outcomes and to update the data 

on second cancers and overall mortality (National Clinical Trial #01790152) (77). In a 

pooled analysis of these three trials involving children treated with doxorubicin for ALL or 

Hodgkin’s lymphoma (low- to intermediate-stage or advanced disease), dexrazoxane was 

not associated with a differential risk of mortality or relapse (77).

In a multicenter randomized trial of children with high-risk ALL, cardioprotection and 

event-free survival were similar in patients who had received doxorubicin as a continuous 

infusion or as a bolus infusion (78). Both groups had similar LV function and structure 

values. Ten-year event-free survival did not differ significantly between groups (83% and 

78% for continuous and bolus, respectively). Additional studies found similar results in 

patients 5 to 7 years after treatment (79, 80). In the absence of cardioprotection or 

improvement in oncologic efficacy, we recommend that continuous infusion not be used in 

children because it increases hospital stays and costs as well as the risks of thromboembolic 

events and mucositis (81). Despite a lack of evidence for cardioprotection, continuous 
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infusion of anthracycline is still part of some pediatric treatment protocols for 

cardioprotection.

Several studies have reported that angiotensin-converting enzyme (ACE) inhibitors reduce 

the incidence of clinical HF in adults with subclinical ventricular dysfunction (82). For 

example, among adult cancer patients who had elevated concentrations of cardiac troponin I 

(cTnI) immediately after anthracycline chemotherapy, those treated early with the ACE 

inhibitor enalapril experienced less late cardiotoxicity than did control patients (69). Data 

are limited about the late occurrence of clinically important cardiovascular effects in these 

children as they age.

In 18 survivors of childhood cancer, during the first 6 years of enalapril therapy, LV 

dimension, afterload, fractional shortening, and mass progressively improved, but these 

improvements were lost 6 to 10 years after beginning enalapril treatment (83). Mean LV wall 

thickness deteriorated throughout the study, as did LV contractility and systolic blood 

pressure. After 6 years on ACE inhibitor therapy, all 6 patients in HF at the start of therapy 

had either died or undergone heart transplantation, suggesting that the enalapril-induced 

improvements in LV structure and function were transient (83). Likewise, in a randomized 

double-blind placebo-controlled trial of 135 long-term survivors of childhood cancer with at 

least one cardiac abnormality identified any time after anthracycline exposure, those 

receiving enalapril had lower LV wall stress in the first year after therapy, and the reduction 

was maintained during the 5-year study; treatment did not influence exercise performance 

(84).

Treatment with ACE inhibitors delays, but does not prevent, the progression of subclinical 

and clinical cardiotoxicity in survivors (83). This finding emphasizes the importance of 

primary prevention, including using lower cumulative doses of anthracyclines, less 

cardiotoxic anthracycline analogues, and cardioprotective agents (85, 86).

SCREENING AND SURVEILLANCE FOR CARDIOTOXICITY

Currently, there are no evidence-based guidelines for cardiovascular monitoring in survivors 

of childhood cancer. Echocardiography, the most frequently used modality, lacks sufficient 

sensitivity and specificity to detect early cardiac injury.

Serum cardiac biomarkers are increasingly used to evaluate cardiotoxicity during and after 

chemotherapy. In a study of children with high-risk ALL (87), elevated serum 

concentrations of cTnT during the first 90 days of anthracycline treatment were significantly 

associated with reduced LV end-diastolic posterior wall thickness, reduced LV mass, and 

increased LV remodeling 4 years after therapy. This finding is particularly important because 

FDA guidelines call for using dexrazoxane only after patients have received greater than 300 

mg/m2 of anthracyclines. Similarly, in this same study, elevated serum concentrations of N-

terminal probrain natriuretic peptide (NT-proBNP), which may indicate increasing LV wall 

stress, during the first 90 days of therapy were also associated with abnormal LV thickness-

to-dimension ratios 4 years later, suggesting pathological LV remodeling. NT-proBNP 

concentrations were elevated in 89% of children before treatment and in 48% after 
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treatment. Overall, NT-proBNP concentrations were elevated in more children than were 

cTnT concentrations, a result that might identify patients at risk for cardiotoxicity prior to 

developing cardiomyocyte injury and predict late LV remodeling. High-sensitivity C-

reactive protein assays used to assess concentrations during anthracycline therapy did not 

identify children with late cardiotoxicity. Currently, only serum concentrations of cTnT and 

NT-proBNP measured during active chemotherapy have been validated as surrogate 

endpoints for late cardiotoxicity in long-term survivors (87).

Cardiac magnetic resonance imaging is also being increasingly used in pediatric cardiology 

to identify late cardiotoxicity occurring with abnormal longitudinal LV strain and regional 

strain despite a normal LV ejection fraction, and with a higher mean extracellular volume 

that is consistent with diffuse fibrosis. However, the predictive value for late outcomes is 

unknown.

TREATING CARDIOTOXICITY

Treatments for anthracycline-related cardiomyopathy depend on LV preload and LV 

afterload abnormalities, and on the progression of cardiac fibrosis. The goal of early 

treatment is to prevent pathological LV remodeling using drugs that target LV preload 

(diuretics) and LV afterload (ACE inhibitors or angiotensin-receptor blockers) (Figure 1). 

The beneficial effects of ACE inhibitors for survivors of childhood cancer are transient.

Effective tailored, precision therapies for anthracycline-associated HF have not yet been 

developed. Because anthracycline-related structural changes progress from dilated 

cardiomyopathy to a restrictive-like cardiomyopathy, it is critically important to understand 

the type of cardiomyopathy causing HF in these patients. Many treatments appropriate for 

HF caused by dilated cardiomyopathy are inappropriate for HF caused by restrictive 

cardiomyopathy. Symptomatic patients may benefit from tailored, precision therapy based 

on hemodynamic monitoring or from heart transplantation. Carvedilol, a nonselective β-

blocker, improves LV function and mortality in adults (88, 89), but its effects in survivors of 

childhood cancer are unknown. In survivors of childhood cancer, HF can progress rapidly to 

functional impairment that is refractory to drug therapy. In this situation, mechanical support 

may be considered.

For patients who do not respond well to all other cardiac treatments, heart transplantation is 

an option for end-stage anthracycline-induced cardiomyopathy (90). In 17 children (mean 

age at cancer diagnosis of 6 years) who underwent heart transplantation at a median of 9.2 

years after cancer diagnosis, 5 of them underwent transplantation within 5 years from the 

end of treatment. Cancer recurred in 1 patient. All patients survived 1 year; 16 survived 2 

years; and 10 survived at least 5 years (91).

Growth hormone therapy is also used to treat cardiotoxicity. In one study of 34 survivors of 

childhood cancer who had somatic growth deficiency, growth hormone therapy improved LV 

structure and blood pressure, but these improvements were lost 4 years after therapy had 

been discontinued. Growth hormone replacement therapy did not ameliorate progressive LV 

dysfunction (92).
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CONCLUSIONS

Advances in treatment have increased survival in children with cancer, but their 

cardiovascular-related health burden will increase as this population grows and ages (46, 51, 

53, 87, 93, 94). The developing field of pediatric cardio-oncology helps clinicians identify 

and understand the damage to the cardiovascular system caused by cancer treatment. 

Optimal monitoring strategies and preventive treatments still need to be identified. 

Treatment-related cardiovascular effects may appear decades after treatment and are often 

progressive and irreversible. Thus, screening, preventing, or reducing treatment-related 

cardiovascular damage by using agents such as dexrazoxane, screening for risk factors, and 

implementing serial cardiac monitoring are important for survivors of childhood cancer.
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SUMMARY POINTS

1. Cardioprotection with dexrazoxane reduced anthracycline 

cardiotoxicity without compromising antitumor efficacy or increasing 

the risk of second malignancies in randomized clinical trials of children 

with ALL, Hodgkin’s lymphoma, lymphoblastic lymphoma, and 

osteogenic sarcoma (7, 70, 87).

2. In survivors of childhood high-risk ALL, continuous infusion of 

doxorubicin provided no advantage over bolus infusion in terms of 

long-term cardioprotection or event-free survival (78).

3. All survivors of childhood cancer are at increased risk of cardiotoxicity, 

regardless of therapy, suggesting that all survivors should be screened 

for premature cardiovascular disease (46).

4. Survivorship guidelines should address cardiovascular concerns, 

including the risk of atherosclerotic disease and systemic inflammation, 

in both anthracycline-exposed and unexposed survivors (46). Screening 

guidelines should include specific recommendations for survivors who 

did not receive cardiotoxic treatments, and future investigations of new 

or existing treatments should consider cardiotoxicity (12, 46, 94). 

Detecting decrements in LV fractional shortening alone is unlikely to 

identify all survivors at risk of premature cardiovascular disease from 

all causes (7, 46).

5. Serum biomarkers of cardiomyopathy and cardiomyocyte injury or 

death that are measured during therapy can predict late cardiotoxicity, 

allowing studies to determine whether these markers can be used to 

tailor anticancer therapy and to determine whether overall outcomes are 

improved. Developing a comprehensive panel of biomarkers to assess 

cardiac damage in survivors should be a research priority. Monitoring 

N-terminal pro-brain natriuretic peptide concentrations during therapy 

might predict which children are at higher risk of cardiotoxicity, 

allowing treatment to be modified before cardiomyocyte damage is 

irreversible (87).

6. Survivorship clinics can use low-cost cardiac risk calculators to identify 

the survivors who are at greatest risk of premature, symptomatic 

cardiovascular disease and to implement specific preventive strategies 

(46, 51, 95).

7. The impact of survivorship might also include lifestyle behaviors, such 

as physical inactivity, that mediate risk-factor profiles for 

cardiovascular risk (53, 94, 95).

8. The burden of cardiotoxicity related to cancer treatment will increase as 

this population expands and ages (7, 51, 53, 87, 94).
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Figure 1. 
Stages in the course of pediatric ventricular dysfunction. These stages can be monitored by 

echocardiographic measurements of left ventricular structure and function in combination 

with concentrations of validated cardiac biomarkers. Risk factors and high-risk populations 

for ventricular dysfunction are highlighted where preventive or early therapeutic strategies 

may be effective. Determining the cause of dysfunction may suggest cause-specific 

therapies. The circled numbers 1–5 indicate points of preventive or therapeutic interventions 

and where biomarker measurements may be helpful. Abbreviations: ECMO, Extracorporeal 

Membrane Oxygenation; VAD, Ventricular Assist Device. Figure reprinted from Reference 

101 with permission from Oxford University Press.
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Table 1

Cardiotoxic effects of chemotherapeutic cancer agentsa

Drug class: agent Adverse cardiac events

Anthracycline:
doxorubicin, daunorubicin, epirubicin, idarubicin

Arrhythmias, pericarditis, myocarditis, HF, LV dysfunction

Alkylating agents:
busulfan, cisplatin, cyclophosphamide, ifosfamide, 
nitrosoureas

Endomyocardial fibrosis, pericarditis, cardiac tamponade, ischemia, MI, hypertension, 
myocarditis, HF, and arrhythmias

Antimetabolites:
cytarabine, clofarabine

Ischemia, chest pain, MI, HF, arrhythmias, pericarditis, pericardial effusions, and 
hemodynamic abnormalities

Antimicrotubules:
vinca alkaloids

Sinus bradycardia, angina, hypotension or hypertension, HF, ischemia, MI, arrhythmias, 
conduction abnormalities

Biological agents:
bevacizumab, rituximab

Hemodynamic abnormalities, LV dysfunction, HF, thromboembolism, angioedema, 
arrhythmias

Tyrosine kinase inhibitors:
imatinib, sorafenib, sunitinib, dasatinib

HF, edema, pericardial effusion, pericarditis, hypertension, arrhythmias, ischemia, 
prolonged QT interval, chest pain

Miscellaneous:
asparaginase, arsenic trioxide, all-trans-retinoic 
acid

HF, hypotension, MI, electrocardiographic changes, pleural-pericardial effusion, QT 
prolongation, peripheral edema, bradycardia, ischemia, edema, thromboembolism

Abbreviations: HF, heart failure; LV, left ventricular; MI, myocardial infarction.

a
Adapted from Reference 2 with permission.
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Table 2

Risk factors for anthracycline-related cardiotoxicitya

Risk factor Comment References

Cumulative anthracycline dose Cumulative doses >300 mg/m2 are associated with significantly elevated long-term 
risk

3, 12, 96–98

Time after therapy The incidence of clinically important cardiotoxicity increases progressively over 
decades

3, 7, 12, 97

Rate of anthracycline administration Continuous infusion not cardioprotective in children 7, 78

Individual anthracycline dose Higher individual doses are associated with increased late cardiotoxicity, even when 
cumulative doses are limited; no dose is risk-free

12, 61, 97

Type of anthracycline Liposomal encapsulated preparations may reduce cardiotoxicity. Data on 
anthracycline analogues and differences in cardiotoxicity are conflicting

85, 86, 99

Radiation therapy Cumulative cardiac radiation dose >30 Gy before or concomitant with anthracycline 
treatment; as little as 5 Gy increases the risk

7, 14, 98, 100

Concomitant therapy Trastuzumab, cyclophosphamide, bleomycin, vincristine, amsacrine, and 
mitoxantrone, among others, may increase susceptibility or toxicity

99, 100

Preexisting cardiac risk factors Hypertension; ischemic, myocardial, and valvular heart disease; prior cardiotoxic 
treatment

99

Personal health habits Smoking; consumption of alcohol, energy drinks, stimulants, prescription and illicit 
drugs

7

Comorbidities Diabetes, obesity, renal dysfunction, pulmonary disease, endocrinopathies, 
electrolyte and metabolic abnormalities, sepsis, infection, pregnancy, viruses, elite 
athletic participation, low vitamin D concentrations

7, 46, 51, 95, 99

Age Both young (<1 year) and advanced age at treatment are associated with elevated 
risk

3, 7, 97, 98

Sex Females are at greater risk than males 61, 97

Complementary therapies More information needs to be collected to assess risk 7

Additional factors Trisomy 21; African American ancestry 96

a
Adapted from Reference 47 with permission from BMJ Publishing Group Ltd.
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