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Abstract

:

Advances in pediatric cancer therapies have dramatically improved the likelihood of survival. As survivors are aging, however, we are now understanding that treatment carries a significant risk of cardiovascular toxicity, which can develop immediately, or even many years after completing therapy. Anthracycline derivates are some of the most commonly used agents in pediatric oncology treatment protocols, which have a dose-dependent correlation with the development of cardiac toxicity. As we learn more about the mechanisms of toxicity, we are developing prevention strategies, including improvements in surveillance, to improve early diagnosis of heart disease. Current survivorship surveillance protocols often include screening echocardiograms to evaluate systolic function by measuring the ejection fraction or fractional shortening. However, these measurements alone are not enough to capture early myocardial changes. The use of additional imaging biomarkers, serum biomarkers, electrocardiograms, as well as cholesterol and blood pressure screening, are key to the early detection of cardiomyopathy and cardiovascular disease. Medical treatment strategies are the same as those used for heart failure from other causes, but earlier recognition and implementation can lead to improved long term outcomes.
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1. Introduction


With improvements in childhood cancer treatment strategies, over 80% of children and adolescents treated for cancer are now surviving beyond 5 years [1]. Unfortunately, many survivors of pediatric cancer are living with at least one serious, disabling, or life-threatening health condition by age 45 [2]. While mortality rates in pediatric cancer survivors, due to the original malignancy, plateau beyond 20 years, the rate of death from all non-recurrence, non-external causes increases [3]. Cardiovascular disease is one of the most significant contributors to morbidity and mortality in pediatric cancer survivors [4,5] and is the third leading cause of death behind relapse and secondary malignancy. Pediatric cancer survivors have significantly higher rates of congestive heart failure, pericardial disease, valvular abnormalities, and myocardial infarction compared to the general population [2,6], age and gender matched controls [3], and their siblings [7,8]. The timing for developing cardiac disease occurs both early, within 5 years of treatment [9,10], and late [3,11], with the cumulative incidence of adverse cardiac outcomes in cancer survivors continuing to increase up to 30 years after diagnosis [7].



As our goals for successful treatment shift from simply survival to event-free survival, cardiotoxicity is a major limiting factor. While improvements have been made in understanding the pathophysiology of cardiac toxicity and monitoring for the development of risk factors, there is still some practice variations in surveillance and treatment strategies [12] and limitations to current screening recommendations. Cardiologists have become an important part of the multidisciplinary care team for children undergoing chemotherapy, and there is an emerging field of pediatric cardio-oncologists to help care for these survivors over their lifetime. Implementing more detailed screening guidelines with a cardiologist’s lens will be critical to improving cardiac outcomes for this patient population.




2. Mechanisms and Risk Factors for Anthracycline Cardiotoxicity


Anthracyclines, such as doxorubicin, daunorubicin, and idarubicin, are highly effective antineoplastic agents widely used in treatment protocols for many subtypes of pediatric cancer. However, they are also now well known for causing cardio-toxic side effects in a cumulative and dose-dependent fashion [13,14,15]. They were initially described in the 1970s, shortly after their first clinical usage, and 10 out of 110 children receiving a cumulative anthracycline dose >500 mg/m2 developed severe cardiomyopathy with congestive heart failure (CHF) while undergoing therapy or soon thereafter [16]. With the subsequent knowledge regarding dose related cardiotoxicity, current protocols have targeted maintaining total cumulative doses to <250 mg/m2. Thus, maintaining records of a patient’s cumulative lifetime dosage is important for risk stratification.



The antineoplastic effects of anthracyclines include DNA intercalation with the disruption of synthesis and active DNA strand breaking via topoisomerase IIβ, leading to the upregulation of inflammatory cytokines and the generation of reactive oxygen species (ROS) [17]. The exact mechanisms of anthracycline-induced cardio toxicity are not known, but given the clinical manifestations of both acute and chronic myocyte injury, there are likely several distinct processes. One hypothesis is related to the limited ability of cardiac myocytes to scavenge free radicals, leaving them particularly susceptible to injury from ROS [18], with elevation of ROS lasting up to five weeks after anthracycline exposure in animal models [19] Importantly, anthracyclines can cause damage to the mitochondrial genome and to the membrane structure [20], which can lead to apoptosis of cardiomyocytes [21]. Other mechanisms include direct damage to nuclear DNA mediated by topoisomerase IIβ [22,23] and a reduction in endogenous myocardial progenitor cells [24,25,26]. The end result is that anthracycline exposure causes changes in the structure of the ventricular myocardium [18,27] and can lead to ventricular dysfunction and heart failure [17,20].



The cardiotoxic side effects of anthracyclines can lead to clinical symptoms of rhythm disturbances or heart failure, which can present acutely during active treatment; chronic early-onset up to a year after treatment; or chronic late-onset, which can occur even decades after exposure. Early studies suggested these are three distinctive pathologic categories [14,28]; however, several recent longitudinal studies suggest the timing of onset may reflect a spectrum of the same cellular insult [15,29,30]. With more restrictive dosage guidelines, the acute cardiac toxicity initially described in the 1970s [16] is much less common than late onset symptoms of heart failure [3,11,14]. However, monitoring survivors by more advanced imaging modalities suggests that there are changes to the myocardium that occur before the clinical symptoms of heart failure [29]. Other longitudinal studies suggest that anthracycline cardiotoxicity follows a pattern of an early subclinical dilated cardiomyopathy with subsequent normalization, followed by a restrictive cardiomyopathy detectable years after initial exposure [30].



More specific risk factors for developing anthracycline cardiotoxicity in pediatric patients include concomitant use of radiation [10,16] in higher doses (more than 250–300 mg/m2 of doxorubicin) during initial treatment [10,16,24]. Other risk factors have been cited, including black race, associated blood stream infection [9] and female gender [31], although, notably, the gender data remain inconclusive [32]. While many studies have noted a younger age at time of diagnosis as a risk factor for late onset cardiotoxicity [31], one group found that older patients had a higher risk for early toxicity [9]. Additionally, patients who developed some degree of early cardiac dysfunction during their chemotherapy course have an increased risk of developing significant cardiac toxicity years into remission [9].



Given the variability in the development of anthracycline toxicity, pharmacogenetics has emerged as a promising tool for risk stratification. Several genetic variants have shown strong associations with anthracycline-induced cardiac toxicity, including: RARG (rs2229774 variant), which leads to a reduced repression of the key anthracycline-induced cardiotoxicity genetic determinant topoisomerase IIβ [33]; variants in solute carrier (SLC) transporters SLC28A3, SLC22A17 and SLC22A7, which are believed to carry anthracyclines and have shown associations with doxorubicin and daunorubicin-induced cardiotoxicity in pediatric cohorts [34,35,36]; and UGT1A6 rs17863783, which reduces glucuronidation of anthracycline metabolites and may lead to increased anthracycline tissue accumulation [35].



In addition to direct myocyte toxicity, survivors of childhood cancer are at increased risk of metabolic syndrome and cardiovascular disease compared to their age-matched peers. Survivors have been shown to have higher fat mass, lower lean body mass, greater insulin resistance, lower carotid distensibility and compliance, and increased arterial stiffness than controls, with changes beginning in childhood [37,38].




3. Diagnosis


In childhood cancer survivors, there is often a long latency between cardiotoxic treatments and development of clinically evident symptoms of heart failure. Therefore, screening protocols are necessary, particularly in patients with risk factors, including higher anthracycline dose and concurrent radiation, to monitor for evidence of cardiac toxicity. While many oncology practices around the United States follow screening protocols, there remains practice variability regarding specific screening tools for cardiac toxicity in survivors, as well as treatment strategies [12]. Several key international pediatric oncology groups have defined screening guidelines for pediatric cancer survivors, which are summarized in Table 1. A recent US study identified that screening could reduce the risk of heart failure by 18% at 30 years and is cost-effective based on quality-adjusted life years (QALY) gained [39]. Furthermore, over 20% of patients with asymptomatic left ventricular dysfunction improve with treatment, supporting the role of early detection [39].



3.1. ECG


Pediatric cancer survivors have an increased risk of arrhythmias and conduction disorders [2], including prolonged corrected QT (QTc) intervals [40], which can be screened for with electrocardiograms (ECG). As many medications used in this patient population are also known to have QT-prolonging effects, including anti-emetics like ondansetron, analgesia such as methadone, and tricyclic antidepressants, serial QTc monitoring during chemotherapy is important to reduce the ventricular tachycardia risk. Anthracyclines are also directly associated with premature ventricular contractions, sinus node dysfunction, and decreased QRS voltage, with incidences ranging from 10% to 30% [5]. Electrocardiograms are limited in that they only offer a snapshot in time; thus, a 24-h Holter monitor may better capture changes to the cardiac conduction system and serve as another marker of myocardial health. Rhythm monitoring by ECG and considering serial Holter monitors is diagnostically helpful, especially in patients with symptoms including palpitations, pre-syncope, and syncope.




3.2. Non-Invasive Cardiac Imaging


3.2.1. Echocardiography


Echocardiography is the primary imaging modality for the surveillance of cardiac toxicity in pediatric cancer survivors, and is recommended to begin, at most, 2 years after completion of chemotherapy and to continue thereafter at a minimum of 5-year intervals based on risk factors [41] (Table 1). Two-dimensional (2D) echocardiography is most commonly used for surveillance of changes in cardiac function, as measured by the ejection fraction or fractional shortening; however, this is often not sufficient to capture early evidence of cardiotoxicity [42]. Left ventricular (LV) systolic function by 2D echocardiography is the primary information requested by oncologists from screening echocardiogram studies in patients before, during, and after chemotherapy. The ejection fraction (EF) measures the percentage difference of the endocardial border in systole and diastole in an apical four-chamber view. This value is the most commonly used value to assess systolic function. However, EF has a number of limitations, including geometric assumptions of ventricular shape, load dependency, and inter-observer variability [43]. Additionally, a change in EF is generally a late manifestation of cardiac toxicity and is not a sensitive screening tool for the early detection of cardiac impairment [44]. To improve the sensitivity of EF, some groups have suggested increasing the normative EF value of echocardiograms from ≥50 percent to ≥60 percent, which better correlates with the decline in function captured by cardiac magnetic resonance imaging (CMR) [45].



Fractional shortening (FS) is also commonly used to assess LV function. FS is derived from M-mode imaging using the measurements of internal diameters of the LV at the end of the diastole and the end of the systole in order to calculate the percentage change. FS has been shown to have an inverse correlation with cumulative doxorubicin dose, supportive of dose-dependent cardiac toxicity [24,42]. Similar to EF, FS is also limited by loading conditions on the heart and is based on geometric assumptions. Three-dimensional echocardiography, which is based on volumetric assessment, may better approximate LV function with less intra-observer and serial variability [45].



These assessments only provide a snapshot in time when assessed by a cross-sectional analysis; however, longitudinal studies provide greater insight into echocardiographic changes over time and highlight the value of function measurements as potential imaging biomarkers [24,46]. One longitudinal study found a significant decline in cardiac function during anthracycline treatment, which improved over the subsequent months–years of monitoring [24]. However, the mean LV FS z-scores at the completion of doxorubicin therapy predicted late follow-up measures of function in pediatric cancer survivors, i.e., an FS mean z-score below two at the end of therapy was associated with a mean z-score below two an average of 11 years later [24]. Reduced FS and a progressive reduction in ventricular mass and wall thickness relative to body surface area was related to impaired contractility and increasing afterload [24]. There is a growing body of evidence that systolic function alone is not sufficiently sensitive to detect early and more subtle cardiac dysfunction. Even at low doses between 90 and 270 mg/m2, 23% of pediatric survivors had subclinical cardiac dysfunction [42]. The utility of echocardiography extends beyond traditional measures of LV FS and EF in this patient population, where LV function assessments are often normal. In almost one third of survivors who have a normal EF, there is evidence of systolic and/or diastolic dysfunction by measuring myocardial strain and diastolic function [44].



Diastolic function is most commonly measured by pulsed-wave Doppler of the mitral inflow velocity in early diastole (E) and in late diastole (A), left ventricle isovolumic relaxation time (IVRT), and E wave deceleration time. Abnormalities in diastolic dysfunction can be detected early after completion of chemotherapy [47]. One recent longitudinal study comparing echocardiographic parameters in pediatric cancer survivors who developed cardiomyopathy with survivors who did not develop cardiomyopathy found significant subclinical differences in FS, EF, LV end diastolic dimension and mitral E/A ratio between the two groups as far back as 2 years prior to the recognition of cardiomyopathy [46]. This highlights the importance of trending diastolic function in addition to systolic function over time.



In addition to measuring systolic and diastolic function, screening for cardiomyopathy must also include an assessment of cardiac muscle architecture and deformation [48]. This can be measured as myocardial strain (MS) by 2D echocardiography via Tissue Doppler Imaging (TDI), which measures tissue velocity to quantify myocardial motion [47,49], or by speckle tracking software, which reflects a spatial gradient of local velocities, measuring local compression and expansion rates not affected by overall heart motion. MS is less dependent on loading conditions than EF or FS [43,44,49] and thus may better detect early cardiac toxicity. Deformation is measured in three dimensions, including: global longitudinal strain (GLS), which measures myocardial shortening from base to apex (Figure 1); global circumferential strain (GCS), which measures the systolic shortening of the short axis of the ventricle; and radial strain, which measures myocardial thickening from the endocardium to the epicardium [50]. Strain analysis in adult survivors of pediatric cancer demonstrated that only 5.8% of subjects in the cohort had reduced EF, but 32% had reduced GLS [44]. In addition to improved sensitivity, strain has shown evidence of its possible use as a predictive tool. Early reductions in GLS [51] and GCS [52], as measured from baseline to completion of treatment, may identify childhood cancer survivors at risk of the subsequent late development of cardiomyopathy.




3.2.2. Cardiac Magnetic Resonance Imaging


Cardiac magnetic resonance (CMR) imaging is not yet common in clinical practice but is emerging as an important monitoring tool for cardiomyopathy. CMR provides better structural imaging and more accurate measurements of systolic function and myocardial tissue characterization. Unlike echocardiography, CMR does not rely on geometric assumptions and is not limited by potential poor image quality, yet retains the benefits of being non-invasive and without ionizing radiation exposure. In addition to the assessment of function and myocardial strain [53], CMR is also able to quantify chamber volume, detect acute myocardial inflammation and edema with T2 weighted imaging [54], and detect myocardial fibrosis via T1 derived extracellular volume (ECV) [55] and late gadolinium enhancement (LGE) [56] (Figure 2).



CMR-derived function and strain assessments have been shown to be more sensitive than echocardiography due to their earlier detection of abnormal values [57,58]. In pediatric cancer survivors treated with anthracyclines with normal EF by 2D echocardiograms, CMR detected a significant decrease in LVEF and indexed end-systolic LV volume, highlighting the increased sensitivity of MRI for the early detection of disease [59]. T1 mapping techniques are used to measure fibrosis, including relaxation time, ECV, and LV myocardial peak circumferential and longitudinal strain [58]. An increased ECV fraction is reflective of increased collagen volume fraction in the myocardium and thus a higher burden of fibrosis. In pediatric cancer survivors, increased ECV is associated with a cumulative anthracycline dose [57,58,60]. Additionally, delayed relaxation time and decreased LV myocardial peak circumferential and longitudinal strain magnitude are present in asymptomatic pediatric cancer survivors with normal standard CMR parameters [58], emphasizing the role of T1 surveillance sequences. Lastly, one of the proposed mechanisms of late cardiac dysfunction is abnormal myocardial remodeling and fibrosis, which can also be measured by CMR LGE [56]. Interestingly, pediatric cancer survivors with abnormal function, as measured by CMR, do not have LGE [58,59], suggesting that fibrotic remodeling could either be a later phenomenon or perhaps not the mechanism of chemotherapy-induced cardiomyopathy. While there are clear advantages of CMR monitoring for the early detection of myocardial damage in survivors of pediatric cancer, this modality is limited by the widespread availability and cost of CMR when compared to echocardiograms.




3.2.3. Serum Biomarkers


There has been robust interest in the use of serum biomarkers to evaluate cardiotoxicity before, during and after chemotherapy. Cardiac troponin, N-terminal pro-brain natriuretic peptide (NT-proBNP), and C-reactive protein (CRP) levels have been most promising and, interestingly, elevated in children, even at the time of cancer diagnosis [61,62,63]. Trending them over time may provide clues about the development of cardiac toxicity.



Cardiac troponins (cTnI and cTnT) are proteins found exclusively in myocardial cells. Detection of these proteins in serum analysis is a sensitive and specific biomarker of myocardial damage in pediatric patients [64]. Cardiac troponins reflect the extent of irreversible myocardial cell injury caused by both natural and drug-induced diseases in humans and common laboratory species [65]. As anthracyclines can mediate cardiac damage even with the first dose, troponin is a helpful tool to screen for myocardial damage. Cardiac troponin levels are increased in children with acute lymphoblastic leukemia (ALL) during the first 90 days of treatment with anthracyclines [61] and, in adult studies, they become elevated from the pre-treatment baseline within 24 h of the first anthracycline administration [66]. Interestingly, in these patients, early treatment-induced troponin elevation correlated with an increased risk of impaired cardiac function studies. Specifically, in adult patients treated with anthracycline, elevated cTnI >5 nL/mL at the time of drug administration led to an increased risk of impaired cardiac function, as measured by a 2D echocardiogram [66]. In the pediatric population, patients with cardiac troponin increases within the first 90 days of treatment have a significantly reduced LV mass and LV end diastolic posterior wall thickness 4 years later [61]. Low-level cTnT elevations were noted in children after their first dose of cardiotoxic doxorubicin chemotherapy and at any point during treatment with doxorubicin, but not after non-cardiotoxic chemotherapy [64], correlating with a decrease in LVEF and E/A ratios [67]. In a separate disease model, elevated cTnI levels in patients with Duchenne muscular dystrophy correlated with early fibrotic changes in cardiac MRI [68]; therefore, it may be interesting to compare serum biomarkers with CMR in pediatric cardio-oncology patients in a future study.



Other serum biomarkers for myocardial tissue are natriuretic peptides, which are released by the myocardium in response to volume and pressure overload. Abnormal NT-proBNP levels were associated with the known risk factors of cardiotoxicity, including the younger age of patients, longer duration of follow-up, and higher cumulative anthracycline doses [69]. Before, during, and after treatment, children with ALL had increased levels of NT-proBNP, suggesting its role as a biomarker to detect cardiac stress [61]. Similar to its early elevation in cardiac troponin levels, elevated NT-proBNP levels during the first 90 days of anthracycline chemotherapy in pediatric patients with ALL was predictive of an abnormal LV thickness to dimension ratio by echocardiography 4 years later [61], with a sensitivity of ~33% or 92% predicting subsequent acute or subacute cardiac dysfunction, respectively [70]. Abnormal NT-proBNP levels have been detected in 20–30% of asymptomatic survivors [69,71]. While other studies have not found significantly abnormal levels of NT-proBNP in isolation [60,72], there is a significant correlation of cumulative anthracycline dose with increased BNP levels and CMR ECV [60] and of NT-proBNP with GLS alone [44], as well as CMR ECV and GLS [60]. This suggests that, while serum biomarkers may not serve as an independent predictor of cardiac toxicity, they can be helpful when assessed in correlation with imaging markers.



Non-specific markers of inflammation, including CRP, have been assessed in several studies of childhood cancer survivors. Although not necessarily predictive of cardiotoxic side effects, elevated baseline CRP in pediatric patients with Hodgkin’s lymphoma leads to a higher risk of relapse [62]. Another study demonstrated the elevation of CRP in survivors when compared to healthy, age matched controls, with the degree of elevation correlating with increased odds of having a metabolic syndrome [63].



Possibly specific to anthracycline-mediated cardiotoxicity, topoisomerase IIB has also been proposed as a biomarker, but has not been widely developed clinically [22]. Other myocardial biomarkers, including ST2, have not been shown to have a significant correlation with myocardial dysfunction in this population [60] and are not as widely available for routine clinical testing.






4. Prevention


With our evolving knowledge of the pathogenesis of cardiotoxicity, several promising preventative strategies have emerged. The first is the monitoring of the cumulative anthracycline dose. The hazard ratio of adverse cardiac outcomes in survivors who received ≥250 mg/m2 of an anthracycline are fivefold higher than in those receiving less anthracycline [3,7]. Accordingly, most pediatric protocols now target cumulative doses less than 250 mg/m2, although there are concerns about the oncologic efficacy of lower dose treatment, particularly in patients with osteosarcoma [73]. Despite these dose reductions, even small doses of anthracyclines have associations with the development of subclinical cardiac abnormalities in pediatric patients. Given the hypotheses of excess reactive oxygen species, co-administration with antioxidants such as vitamins E and C has been researched, without significant reductions in cardiotoxicity [17].



A more promising prevention strategy has been the co-administration of dexrazoxane, approved by the United States Food and Drug Administration (US FDA) in 2014. This drug is a chelating agent that interferes with iron-mediated free radical generation. In pediatric patients treated with doxorubicin, co-administration of dexrazoxane demonstrated reduced cTnT levels, NT-proBNP, and CRP levels during treatment, suggesting a reduction in cardiomyocyte death, ventricular stress and inflammation [61,74]. At the 5-year follow-up, pediatric patients treated with dexrazoxane, relative to doxorubicin alone, had improved left ventricular wall thickness, thickness-to-dimension ratio [74,75] and improved systolic function [76,77], with some studies identifying greater protection in girls [75]. While this imaging evidence is important, the evidence for late cardioprotective effects beyond 5 years of follow-up is limited at this point [78]. Importantly, studies have not shown significant differences in relapse rates, supporting the cardioprotective efficacy of this chelator, without compromising the intended anti-neoplastic effects of doxorubicin [78]. Although promising, some studies have still demonstrated left ventricular structural changes in patients receiving dexrazoxane, highlighting the need to maintain vigilance in surveillance, even in this reduced-risk population [73].



Given the increased and accelerated risk of developing metabolic syndrome and cardiovascular disease after chemotherapy, the other pillar of prevention is the early emphasis on preventative lifestyle habits. The American Heart Association recommends screening pediatric cancer survivors with a fasting lipid profile and glucose or hemoglobin A1c every 2 years and lifestyle counseling to maintain an appropriate weight, consume a healthy diet, avoid smoke exposure and participate in physical activity [4]. As further evidence for the importance of physical activity, studies in mouse models treated with doxorubicin identified low-intensity exercise training as cardiac protective [79], possibly due to a reduction in mitochondrial oxidative stress and damage [80]. Although no specific studies have evaluated this in pediatric patients, a meta-analysis of childhood cancer survivors supports a statistically and clinically significant cardioprotective effect of aerobic exercise against treatment-induced toxicity [81]




5. Pediatric Heart Failure and Treatment Strategies


While prevention and early detection are critical, the 30-year cause-specific cumulative incidence of congestive heart failure remains as high as 7.5% among pediatric cancer survivors treated with anthracyclines [82]. Even prior to developing clinical symptoms, imaging and serum biomarkers suggest that the pathophysiology of heart failure is ongoing. Primarily driven by activation of the adrenergic and renin–angiotensin–aldosterone systems, initial upregulation leads to the intended effect of increasing cardiac output; however, chronic activation becomes maladaptive, with adverse effects on myocardial and endovascular tissue. The myocardium contains β1 and β2 adrenergic receptors, which, via signaling pathways, can modulate the heart rate, myocardial contractility, and relaxation. In patients with chronic heart failure, there is a downregulation of cardiac β1 receptors and an increase in cardiac β2 receptors, leading to alterations in receptor and transporter homeostasis [83] and ultimately resulting in an increase in cytosolic calcium [84]. This increase in calcium leads to adverse cardiac remodeling, including fibrosis and increases in the extracellular matrix. Therefore, early use of heart failure medications prior to the development of decreased cardiac function may prove beneficial.



Recent studies have demonstrated the benefits of adjunct medical therapies in patients receiving anthracyclines. In an adult study of hematologic malignancies, the OVERCOME trial demonstrated that pre-treating patients on high-dose chemotherapy with enalapril and carvedilol prevented deterioration in LVEF and led to statistically fewer deaths and heart failure events [74]. Carvedilol is a nonselective adrenergic blocker acting on β1, β2, and α1 receptors with potent antioxidant and antiapoptotic properties. In a meta-analysis of breast cancer survivors, carvedilol-treated patients exhibited lower rates of LV systolic dysfunction and less EF deterioration [85]. Similarly, in a study of pediatric patients treated with adriamycin for ALL, pretreatment with carvedilol resulted in a significant improvement in function, as measured by echocardiography (FS and global peak systolic strain), and the inhibition of increases in plasma cTnI. This study provides promising evidence for the role of carvedilol pre-treatment in patients receiving anthracycline chemotherapy to preserve cardiac function [86].



Angiotensin-converting enzyme (ACE) inhibitors are another class of agents with potential benefits against cardiotoxicity. Angiotensin II is a potent vasoconstrictor that, overtime, can lead to endothelial dysfunction. Inhibitors of Angiotensin II, such as ACE inhibitors, are cornerstones in the treatment of pediatric patients with chronic heart failure [87]. As anthracycline toxicity also drives the generation of reactive oxygen species, ACE inhibitors may be a helpful preventative drug if used prior to detection of cardiac dysfunction. In rat models of doxorubicin cardiotoxicity, serum cTnT levels demonstrated the protective effects on cardiac myocytes when ACE inhibitors were given in conjunction with doxorubicin, as compared to elevated cTnT levels with anthracyclines alone [88]. Early use of ACE inhibitors has been well studied in the Duchenne muscular dystrophy population, with evidence of cardio-protective effects [89]. A recent randomized control trial in long-term survivors of pediatric cancer showed an improvement in left ventricular end-systolic wall stress in subjects treated with enalapril as compared to a placebo [90]. As other work has demonstrated limitations in using 2D echocardiograms, it is possible that a more significant effect of ACE inhibitor therapy would be detected if subjects were assessed by 3D echocardiograms or CMR. Additionally, early use of enalapril, rather than late use, may help mediate early cardiovascular remodeling and be a more effective preventative strategy.



Once patients have a confirmed diagnosis of heart failure from cardiomyopathy, the general principles of management are similar to other pediatric patients with impaired cardiac function. The mainstay of treatment involves afterload reduction, the promotion of myocardial remodeling, and diuresis to manage the symptoms of fluid overload. As described above, ACE inhibitors or angiotensin receptor blockers (ARBs) are used for afterload reduction. Additionally, aldosterone receptor antagonists, such as spironolactone and eplerenone, have been shown to improve myocardial remodeling. Beta blockers, such as carvedilol, improve contractility when there is evidence of LV dysfunction. More recently, combination drugs such as sacubitril and valsartan (Entresto) have been used for refractory heart failure, with United States Food and Drug Administration (US FDA) approval in 2019 for use in pediatric patients. Currently, there is a global multi-center study comparing the efficacy of sacubitril/valsartan to enalapril for the treatment of pediatric heart failure patients with reduced LV function [91].



When heart failure is refractory to medical therapy, patients may be considered for mechanical ventricular-assisted device support or cardiac transplantation [4,92]. History of malignancy is not an absolute contraindication for heart transplant [92,93], and pediatric patients receiving a transplant for anthracycline-induced cardiomyopathy have been shown to have the same survival outcomes as those with dilated cardiomyopathy [94]. Importantly, a recent Pediatric Heart Transplant Society retrospective review found no recurrence of primary malignancy in the anthracycline-induced cardiomyopathy group [94]. Additionally, there was no difference in the incidence of post-transplant lymphoproliferative disorder, a rare malignancy related to immunosuppression, in the cancer-survivor versus dilated cardiomyopathy groups [94]. This important work emphasizes the safety and efficacy of pediatric heart transplantation in this patient population if they have exceeded the limits of medical therapy.




6. Screening Guidelines


Currently, there are no evidenced-based guidelines for monitoring cardiovascular toxicity in patients actively receiving chemotherapy. There are several recommended guidelines for cardiac surveillance in survivors of pediatric cancer, which are summarized in Table 1. A recent abstract found that 69.1% of survivors were adherent to the echocardiogram screening guidelines and 18% of patients in that cohort developed cardiomyopathy. The authors identified insurance lapses and longer follow-up durations as barriers to receiving the recommended screenings [95]. Pediatric patients with chronic or lifelong conditions are particularly vulnerable to lapses in follow-up as they transition from pediatric to adult care [96] and it is important to emphasize the importance of lifelong cardiovascular screening in this population. Moreover, the guidelines and their limitations impact the efficacy of screening tools. There are limited recommendations for obtaining ECGs, and the only specific echocardiogram measurements requested are EF or FS, which are rarely sensitive enough to detect early cardiac dysfunction. Thus, defining more specific imaging guidelines would improve the yield of the screening test. Specifically, adding measurements of diastolic dysfunction and myocardial strain to the currently recommended EF and FS, as well as including interval CMR as part of the long-term follow-up, would provide a more compressive screening assessment and improve the detection of early cardiac dysfunction. Scientific statements from the American Heart Association [4] have provided a thorough overview of the available cardiac screening tools, but these recommendations must be incorporated into more comprehensive evidence-based guidelines to be as effective as possible.




7. Conclusions


Advancements in pediatric cancer treatments have markedly improved the number of survivors. Large survivor cohort studies have helped identify the significant risk of cardiotoxicity faced by this patient population. There is a critical role for the field of cardio-oncology in helping to improve the adverse cardiac effects of lifesaving cancer treatments. Longitudinal studies provide key insights into patterns of cardiac toxicity and can help refine surveillance protocols. There have been some improvements in prevention strategies, such as reduced anthracycline and radiation dosages, co-administration of dexrazoxane or carvedilol, and heightened awareness of risk factors. In addition to prevention strategies, earlier recognition of evolving cardiac dysfunction and treatment will help prevent progression to more severe heart failure and early cardiac death in pediatric cancer survivors. With a growing body of evidence surrounding the complexities of imaging and serum biomarkers to detect cardiotoxicity, current survivor protocols should be expanded to include more detailed echocardiographic screening parameters (including diastolic measures and strain), advanced imaging including CMR, and serum biomarker analyses. By capturing these more comprehensive, evidence-based data, it will be possible to better risk stratify patients at the start of treatment, ensure optimal surveillance protocols and to initiate treatment before overt cardiac dysfunction occurs.
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Figure 1. Apical four-chamber speckle-tracking images measuring left ventricular strain in asymptomatic pediatric patients who underwent chemotherapy with normal strain (a) and abnormal strain (b). In the middle panels, the colored lines correlate with 2D segments of the LV and the dotted line represents the average strain. The lower panel summarizes the global longitudinal strain in a bullseye plot, with blue representing dyskinetic segments in patient (b) with abnormal strain. 
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Figure 2. Pediatric cardiac MRI images, including panel a demonstrating a two-chamber short-axis cine image to evaluate cardiac size and function. Panel b shows a T2-weighted short-axis post-contract image used for the evaluation of late gadolinium enhancement and shows normal myocardium without any contrast present. Panel c shows a post-processing T1-weighted MOLLI sequence used to quantify myocardial extracellular volume (ECV). 
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Table 1. Cardiotoxicity surveillance guidelines for survivors of pediatric cancer.
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	Recommendations
	NCCN GUIDELINES Version 2.2020

Survivorship: Anthracycline-Induced Cardiac Toxicity
	NCCN 1.2021 Adolescent and Young Adult
	Children’s Oncology Group Long-Term Follow-up Guidelines Version 5.0, 2018
	The Dutch Childhood Oncology Group 2012
	International Guideline Harmonization Group for Late Effects of Childhood Cancer





	Targeted cardiac history and physical exam
	Yes
	Yes
	Recommended yearly
	Not addressed
	Yes—at all routine follow-up visits



	Heart failure risk stratification
	Yes—by history and screening echocardiogram
	Yes—by radiation and anthracycline dosing
	Not addressed
	Not addressed
	Yes—by radiation and anthracycline dosing



	Timing of 2D screening echocardiogram
	1 year after completion of anthracycline therapy if high cumulative dose (>/= 250 mg/m2) or low dose with one heart failure risk factor *
	Every 2–5 years depending on anthracycline dose or radiation exposure doses
	Every 2–5 years depending on anthracycline dose or radiation exposure doses
	Measuring LV systolic function with FS and or EF every 2–5 years depending on anthracycline dose or radiation exposure doses
	Detailed 2D echocardiography—should not be limited to ventricular function alone—consider diastolic function



	ECG
	Consider based on individual risk
	Baseline ECG recommended for radiation exposure >15 Gy
	Baseline at entry into long term follow up
	Not addressed
	Not addressed



	Advanced Imaging
	Not addressed
	Not addressed
	Consider CMR if echocardiographic images are suboptimal
	Radionuclide angiography if echocardiographic images are suboptimal
	Radionuclide angiography or CMR in individuals for whom echocardiography is not technically feasible/optimal



	Biomarkers
	Consider use of biomarkers in high risk patients without evidence of structural disease by echo
	Not addressed
	Not addressed
	Not recommended
	Consider if symptomatic with preserved function or borderline function on primary surveillance



	Timing of referral to cardiology
	After identification of structural heart disease, even if asymptomatic. Management deferred to cardiologist
	Consider 5–10 years after radiation doses >/= 35 Gy
	Patients with subclinical abnormalities on screening evaluation, LV dysfunction, dysrhythmia or prolonged QTc interval; specific recommendations made for high risk female patients planning pregnancy
	Consult a cardiologist when cardiac function

is borderline abnormal (FS 25–29%, EF 45–49%) andreferral to a cardiologist when cardiac function is clearlyabnormal (FS < 25%, EF < 45%
	Recommended when survivors develop cardiomyopathy



	Preventative lifestyle and screening for modifiable risk factors
	Yes—involve PCP
	Optimize cardiovascular risk factors including blood pressure, blood glucose and lipid profile
	Yes—encourage heart healthy diet, maintaining healthy weight and blood pressure
	Not addressed
	Yes



	Participation in exercise
	Recommended unless physically unable—assess readiness and current levels of fitness.
	Not addressed
	Recommended. If abnormal function or high-risk survivor, cardiology consult recommended to define limits
	Not addressed
	Recommended. If abnormal function or high risk survivor, cardiology consult recommended to define limits



	Preventative medications
	Not addressed
	Not addressed
	Not addressed
	In a research setting only
	Not addressed



	Link to recommendations
	https://www.nccn.org/professionals/physician_gls/pdf/survivorship.pdf
	https://www.nccn.org/professionals/physician_gls/pdf/aya.pdf
	http://www.survivorshipguidelines.org/pdf/2018/COG_LTFU_Guidelines_v5.pdf
	https://www.annalsofoncology.org/action/showPdf?pii=S0923-7534%2819%2938105-0
	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4485458/







* Hypertension, diabetes mellitus, dyslipidemia, Age >65, family history of cardiomyopathy, high cumulative anthracycline dose, low-normal LV EF 50–54% @ baseline, smoking, obesity, other cardiovascular comorbidities—i.e., atrial fibrillation, known coronary artery disease or baseline evidence of structural heart disease Abbreviations: LV = left ventricle, EF = ejection fraction, FS = fractional shortening, ECG = electrocardiogram, PCP = primary care provider, CMR = cardiac magnetic resonance imaging.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  hearts-02-00005


  
    		
      hearts-02-00005
    


  




  





media/file0.png





media/file2.png
Peak Systolic Strain
HR (Avg.) = 57 bprn ANT-SEPT

NF-LAT
AP2L. Strain =-22.6 %

Global L. Strain =-23.0 %

LV APY 111
11:03:27
HR =141 bpm

ANT-SEP

-14.1
-13.8)-11.2

-7.34349

INF-LAT
RPeak Systolic

Global L. Strain = -12.3%






media/file3.jpg





media/file1.jpg
oL Srn= 2% AT,






