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Abstract
Advances in cancer treatment have greatly improved survival rates of children with cancer.
However, these same chemotherapeutic or radiologic treatments may result in long-term health
consequences. Anthracyclines, chemotherapeutic drugs commonly used to treat children with
cancer, are known to be cardiotoxic, but the mechanism by which they induce cardiac damage is
still not fully understood. A higher cumulative anthracycline dose and a younger age of diagnosis
are only a few of the many risk factors that identify the children at increased risk of developing
cardiotoxicity. While cardiotoxicity can develop at anytime, starting from treatment initiation and
well into adulthood, identifying the best cardioprotective measures to minimize the long-term
damage caused by anthracyclines in children is imperative. Dexrazoxane is the only known agent
to date, that is associated with less cardiac dysfunction, without reducing the oncologic efficacy of
the anthracycline doxorubicin in children. Given the serious long-term health consequences of
cancer treatments on survivors of childhood cancers, it is essential to investigate new approaches
to improving the safety of cancer treatments.
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Background
Children who are diagnosed with cancer are living longer lives due to advancements in
detection and treatment. The impact is such that children diagnosed with a malignancy
before 15 years of age have a 5-year survival rate of approximately 80%, a substantial
improvement from that of less than 50% in the 1970s [1]. As of 2005, there were more than
325,000 survivors of childhood cancers in the USA. Remarkably, approximately 24% of
these survivors were treated at least 30 years ago. The relatively high survival rate of these
individuals, however, is tempered by the high incidence of treatment-related health
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complications throughout their lifespan. Such complications include clinical or subclinical
cardiovascular damage, lipid abnormalities and an increased incidence of obesity [2], risks
that may persist up to 45 years after treatment [3]. More than 7% of childhood cancer
survivors will develop heart failure 30 years after diagnosis [4,5]. The lifetime incidence of
heart disease in survivors is remarkably higher than their non-affected siblings [6]. In
addition to their height-ened risk of cardiomyopathies and cardiovascular disease, children
treated with anthracyclines, a chemotherapeutic class of drugs commonly used to treat
hematologic cancers and malignant neoplasms, are at increased risk for a range of other
complications, including secondary malignancies, infertility, and developmental and
functional musculoskeletal impairments that can produce chronic pain [7–11].

More than half of the children with cancer receive an anthracycline as part of their treatment
plan [12,13]. Selection of an appropriate anthracycline for a patient's treatment plan largely
depends on the specific characteristics of their cancer. Despite the hope that anthracyclines
offer to these patients, their potential for inducing cardiovascular damage has been
recognized since their introduction in the early 1970s [14,15]. This review summarizes the
mechanisms by which anthracyclines may induce cardiac damage, methods for clinically
assessing anthracycline-induced cardiotoxicity and the effectiveness of proposed
cardioprotective strategies.

Mechanisms of anthracycline-induced cardiotoxicity
Despite more than three decades of use, it is still unclear exactly how anthracyclines exert
their chemotherapeutic activity and induce cardiotoxic changes. The antineoplastic activities
of doxorubicin seem, at least in part, to be derived from the inhibition of topoisomerase II,
free-radical generation, activation of signaling pathways, DNA intercalation and binding and
apoptosis [16,17]. Similarly, causes of anthracycline-induced cardiotoxicity appear to be
multifactorial. A critical component may be the generation of free radicals and the presence
of redox-related damage, which occur through both enzymatic and nonenzymatic pathways
and result in the accumulation of iron [18–20]. Anthracycline-generated free radicals induce
lipid peroxidation, which ultimately produces membrane damage [16,21]. In addition,
mitochondrial damage [22], increased Ca2+ current along with inhibition of sarcoplasmic
reticulum function [23,24] and decreased activity of Na, K-ATPase [25], have all been
implicated in doxorubicin-induced cardiotoxicity. The down-regulation of myocardial TNF-
α [26] and doxorubicin binding to bivalent cations (Ca2+, Mg2+, Cu2+ and Zn2+) may also
be contributive [27]. Figure 1 illustrates the possible complex mechanism of anthracycline-
induced cardiotoxicity as described above [28].

Compared with other organs, the heart is especially susceptible to anthracycline-induced
damage, in part, owing to anthracyclines' high affinity for cardiolipin [29–31]. Cardiolipin is
a unique mitochondrial phospholipid involved in various stages of mitochondrial membrane
dynamics and the mitochondrial apoptotic process [29]. During the initial stages of
apoptosis, seemingly in coordination with death receptor stimulation and the generation of
reactive oxygen species (ROS) [32], cardiolipin can become peroxidized [33]. Peroxidation
of cardiolipin can interfere with the localization of heme iron of cytochrome C and cause its
release, as well as the release of additional apoptogenic factors, from mitochondria [30,34].
While it appears that peroxidation of cardiolipin plays a critical role in releasing cytochrome
C from the inner mitochondrial membrane, cytochrome C itself can catalyze cardiolipin
peroxidation [30]. Cardiolipin's cellular role is multifaceted and further investigation into its
contribution to apoptosis is warranted.

Anthracycline exposure activates both ROS-dependent and ROS-independent pathways that
may ultimately lead to a sizeable loss of cardiomyocytes through necrosis and apoptosis
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[35,36]. Other types of cell death, including senescence and autophagy, may also contribute
to anthracycline-induced cardiomyopathy [36]. Myofibrillar loss and cytoplasmic
vacuolization, caused by dilation of the sarcoplasmic reticulum in myocardial cells, are the
most common histological findings in patients with anthracycline-induced cardiomyopathy
[18]. The degree of cellular damage corresponds with the cumulative anthracycline dose
administered [37]. The primary compensatory mechanism for anthracycline-induced
cardiomyocyte loss is cardiomyocyte hypertrophy, which ultimately results in a series of
physiological changes that lead to the development of cardiomyopathy. These changes
include decreased left ventricular (LV) contractility, fibrosis and thinning of the LV wall
and increased LV afterload, all of which contribute to diminished LV function [37–40].

In addition, the heart's relative lack of strong antioxidant defense mechanisms and high rate
of oxidative metabolism make it particularly vulnerable to damage by free radicals and iron,
which, in turn, can increase cell membrane permeability [20,41]. Substantial experimental
data supports the involvement of iron in anthracycline-induced cardiotoxicity, including the
ability of dexrazoxane, an iron chelator, to mitigate anthracycline-induced cardiotoxicity.
Cascales et al. investigated whether anthracyclines increase iron concentration in the heart
and, if so, whether the HFE genotype helps to regulate iron deposition [42]. They
retrospectively examined the HFE genotype, cardiac iron concentrations and cardiac events
in 97 consecutive necroscopies from adults with hematological and solid neoplasms. Of
these, 48 patients had been treated with anthracyclines. The other 49 had received either
some other type of chemotherapy (24 patients) or some nonchemotherapeutic form of
therapy (25 patients) and were used as controls. Compared with the control group, a
cumulative doxorubicin dose greater than 200 mg/m2 was associated with increased cardiac
concentrations of iron (490 vs 240 μg/g; p = 0.01), regardless of the patient's transfusion
history or level of iron in the liver. Certain mutated haplotypes were associated with greater
iron deposition (282C/63D, p = 0.049; 282Y/63H, p = 0.03), and the haplotype C282Y-Y/
H63D-H actually increased cardiac iron accumulation through its interactions with
anthracyclines. The investigators concluded that HFE helps regulate iron accumulation after
exposure to anthracyclines and that this iron accumulation is independent of a patient's
systemic iron load.

Other possible contributors to anthracycline-induced cardiotoxicity include reduced
expression of mRNA encoding for the sarcoplasmic reticulum Ca2+-ATPase [43], which
results in diminished cardiac contractility and transcriptional changes in intracellular
cardiomyocyte ATP production [44]. In addition, prolonged exposure to anthracyclines may
also lead to mtDNA damage resulting from depressed cardiac glutathione peroxidase
(GSHPx) activity and respiratory chain defects [41]. Respiratory chain defects are, in turn,
associated with the generation of free radicals, which may continue to form even after
anthracycline treatment, eventually contributing to late anthracycline-induced
cardiomyopathy [45]. This production of radicals may also release cytochrome C from
mitochondria, ultimately leading to apoptosis [46,47].

Focusing on liver and cardiac tissue, Doroshow et al. examined the changes in
concentrations of catalase, superoxide dismutase and GSHPx (all enzymes noted for their
ability to detoxify activated oxygen) in response to treatment with doxorubicin administered
through intraperitoneal injection [41]. Experiments in murine models suggested that the
GSHPx in cardiac tissue was selenium-dependent. Catalase and super-oxidase
concentrations in the cardiac tissue were <0.6% and about 27% of that found in the liver
tissue, respectively, but GSHPx concentrations were similar in both types of tissues.
However, after 6 weeks of selenium depletion, GSHPx activity was reduced to less than
20% of baseline and in this selenium-depleted state, marked doxorubicin-induced toxicity
occurred in animals receiving only 15 mg/kg intraperitoneally. By contrast, neither the

Harake et al. Page 3

Future Cardiol. Author manuscript; available in PMC 2013 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



concentrations of hepatic superoxide dismutase or GSHPx, nor the level of cardiac
superoxide dismutase were affected at this dose. The authors concluded that selenium-
dependent GSHPx, together with superoxide dismutase, greatly helps detoxify ROS in
cardiac tissues, and that doxorubicin- or diet-induced depletion of selenium would impair
the heart's ability to efficiently dispose of lipid peroxides and hydrogen peroxide.

Although redox-induced damage is likely involved in anthracycline-induced cardiotoxicity,
some evidence suggests that it is not the only mechanism at play. Several studies of various
redox inhibitors, or ROS scavengers, given concomitantly with anthracycline treatments
have found no statistically significant levels of cardioprotection. The inability of these
agents to ameliorate anthracycline-generated cardiotoxic damage does not substantiate
redox-induced damage as a stand-alone cause of anthracycline-induced cardiotoxicity [29].

Pointon et al. compared the cardiotoxicity induced by doxorubicin with that induced by 2,3-
dimethoxy-1,4-naphtoquinone (DMNQ) in murine models to investigate the adequacy of the
redox hypothesis of anthracycline-induced cardiotoxicity [29]. DMNQ has limited ability to
stop DNA replication or gene transcription but it is a superior redox cycling agent than
doxorubicin (-183 mV compared with doxorubicin's redox potential of -328 mV). The
investigators postulated that if redox damage was the primary cause of anthracycline-
induced cardiotoxicity, then DMNQ should produce substantially more cardiac damage than
doxorubicin. Acute responses to DMNQ or doxorubicin exposure suggest that anthracycline-
induced cardiotoxicity is not primarily a result of general redox stress, but rather from the
inhibition of the electron transport chain in mitochondria. Pointon et al. reported similar
results in a chronic exposure murine model, but they did not include the supporting data
[29].

Risk factors for developing anthracycline-induced cardiotoxicity
The risk of developing clinical cardiotoxicity in both children and adults coincides with
increases in the cumulative dose of anthracycline [48–52]. While avoiding the use of
anthracyclines in the treatment of certain cancers would be the most adequate strategy to
prevent cardiotoxicity [53], this may negatively influence tumor response and ultimately
survival. The most severe cardiac deficits associated with anthracycline toxicity occur at the
highest cumulative doses. However, lower doses are not entirely safe either, as signs of
cardiotoxicity have even been reported in patients receiving only low doses of
anthracyclines [54]. This variability in susceptibility may be partially explained by genetic
polymorphisms of certain genes, but only a few studies have explored this possibility and
have reported conflicting results [5,52,55,56].

One study found that children with a cumulative anthracycline dose greater than 550 mg/m2

were more than five-times as likely to experience cardiotoxicity, than children receiving
lower cumulative doses [57]. van Dalen et al. reported that the estimated incidence of
developing anthracycline-induced clinical heart failure increased with both time since
treatment and cumulative anthracycline dose (5.5% at 20 years after the start of
anthracycline therapy if treated with a cumulative dose less than 300 mg/m2, and 9.8% if
treated with a cumulative dose exceeding 300 mg/m2), over a mean of 8.5 years (median:
7.1 years; range: 0.01–28.4 years) [50]. The incidence of anthracycline-induced clinical
heart failure in this cohort was 2.5% and a cumulative anthracycline dose of 300 mg/m2 or
more was the only independent risk factor (relative risk [RR]: 8.0). The authors concluded
that 10% of children receiving a cumulative anthracycline dose of 300 mg/m2 or more will
eventually experience anthracycline-induced clinical heart failure.
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Lipshultz et al. reported that a higher cumulative anthracycline dose was associated with
worsened LV structure and function with regard to both afterload and contractility [38].
More precisely, several studies have noted that cardiac dysfunction becomes more
noticeable in patients who received a cumulative anthracycline dose that exceeds
approximately 250 mg/m2 [58,59]. In addition, a higher dose rate, prior treatment with
anthracyclines, longer follow-up, younger age at diagnosis and radiation therapy involving
the heart have all been identified as risk factors for developing late cardiotoxicity (Table 1)
[38,39,48,54,59–67]. Another risk factor for developing anthracycline-induced clinical heart
failure in children is being female. For girls, this risk is approximately four-times as great as
it is for male childhood cancer survivors treated with anthracyclines [65]. Lipshultz et al.
reported that LV contractility of female childhood cancer survivors 8 years after completing
doxorubicin treatment was significantly worse than that of their male counterparts (Figure 2)
[60]. A few explanations have been posited for this difference. Doxorubicin clearance is
lower in patients with higher BMI, which generally correlates with increases in the
percentage of body fat [68]. Girls, on average, have a larger body-fat:lean-mass ratio than
males do, which could increase the amount of anthracyclines stored in adipose tissue,
subsequently exposing nonadipose tissues to higher concentrations of anthracyclines for a
longer period of time [60,64].

It is important to note that not all of the presented risk factors are identified by all of the
studies that assessed them. However, differences in study design and sample size between
these studies may partially explain the varied results. For example, some studies only
examined the high-risk subgroup of survivors, or those with a more aggressive form of
cancer, a priori. These children tend to receive higher doses of doxorubicin in order to treat
the cancer more aggressively, while standard-risk children do not receive such high doses
[38,54,60].

Pathophysiology of anthracycline-induced cardiotoxicity
Cardiotoxicity is subdivided into three categories based on the time of onset: acute, early
onset chronic progressive cardiomyopathy and late-onset progressive cardiomyopathy
(Table 2) [18].

Acute anthracycline-induced cardiotoxicity
Acute anthracycline-induced cardiotoxicity occurs in less than 1% of childhood cancer
patients and is defined as an acute, but transient, decrease in LV contractility seen
immediately after anthracycline administration [40]. Symptoms usually occur within 1 week
of treatment and may range from arrhythmias and electrocardiographic abnormalities to
myocarditis-pericarditis syndrome or congestive heart failure [69]. Sinus tachycardia,
possibly as a result of autonomic dysfunction, is the most common arrhythmia, but
decreased QRS amplitude, prolonged QTc interval, and non-specific ST segment and T-
wave changes may also occur [40,57]. Serum cardiac biomarker elevations are considerably
more common during this window [70].

Discontinuing therapy generally reduces the symptoms initially, but many patients,
especially those who received a greater cumulative anthracycline dose, experience
permanent cardiac damage and are more likely to develop late signs of cardiotoxicity [57].

Early onset anthracycline-induced cardiotoxicity
Anthracycline-induced cardiotoxicity that develops during therapy or within the first year
after treatment and persists, is referred to as early onset chronic progressive cardiotoxicity
and is observed in 1.6% [68] to 2.1% [66] of all anthracycline-treated children. In early
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onset cardiotoxicity, LV contractility is diminished, presumably from anthracycline-induced
damage or death of cardiomyocytes [18,57,66].

In addition to the positive correlation between higher cumulative anthracycline doses and
the incidence of cardiotoxicity, other factors are associated with a markedly increased risk of
developing early onset anthracycline-induced cardiotoxicity. These factors include female
sex, black race and trisomy 21, in addition to concomitant mediastinal irradiation, or
treatment with amsacrine [57,60].

Late-onset anthracycline-induced cardiotoxicity
Cardiotoxicity presenting at least a year after the completion of anthracycline therapy is
classified as late-onset cardiotoxicity and typically follows a chronic, progressive course
[38,54]. Lipshultz et al. noted that 6 years after the end of anthracycline treatment
approximately 65% of survivors of childhood cancer have detectable left ventricular
abnormalities, either structural or functional [38,60].

Late-onset anthracycline-induced cardiac failure may evolve from the inability of the
remaining cardiomyocytes to meet the demands of normal growth or other cardiac stresses,
such as pregnancy or acute viral infection [37,71]. The resulting cardiomyopathy may
depend on the age during which the survivor was treated with anthracyclines [38].
Treatment before the completion of physiological growth and development would leave
fewer cardiomyocytes available for compensatory hypertrophic remodeling of the LV.

Clinical presentations of cardiotoxicity
Interestingly, although adult cancer survivors who experience cardiomyopathy as a result of
their exposure to anthracyclines generally have dilated cardiomyopathic disease, survivors
of childhood cancer often present with a combination of both dilated and restrictive
cardiomyopathy [40,48]. The type of cardiomyopathy that develops in these young patients
is influenced by whether they also received radiation treatment that included the heart.
Dilated cardiomyopathy, which leads to LV systolic dysfunction, is more common among
patients who only received anthracyclines, but it may also occur in the later stages of
patients in whom cardiomyopathy developed from exposure to both anthracyclines and
cardiac radiation. Initially, most patients who received both cardiac radiation and
anthracyclines present with restrictive cardiomyopathy and thus diastolic dysfunction, which
much later may progress to systolic dysfunction [37,39,72].

Diagnosis & monitoring
Currently, there is no consistently used, precise definition for anthracycline-induced
cardiotoxicity. Part of the difficulty concerns the identification of practical biological
markers or imaging techniques that are sensitive and specific for chemotherapeutic-induced
cardiac damage. Evidence of anthracycline-induced cardiotoxicity can manifest as either
clinical or subclinical heart failure. Clinical heart failure is defined as abnormal cardiac
findings in a patient with signs and symptoms such as exercise intolerance, dyspnea and
peripheral or pulmonary edema confirmed by a diagnostic exam [53,66]. Subclinical heart
failure is defined as atypical cardiac findings in an asymptomatic patient [53]. These
abnormal findings can be detected as asymptomatic LV dysfunction with several diagnostic
tests.

In children at risk for anthracycline-induced cardiotoxicity, which can later lead to more
serious cardiac complications, cardiac function must be monitored [73]. Given the vast
range of abnormalities associated with anthracycline treatment, many different screening
methods would be required to identify cardiovascular abnormalities (Table 3). For example,
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elevated N-terminal proBNP (NT-proBNP) and serum cardiac troponin T (cTnT) levels
during therapy may predict late LV remodeling in this population [70]. However, presently,
there are no evidence-based guidelines using cardiac biomarkers that have been validated as
predictors of late cardiovascular events in this population to indicate how often this
population needs cardiac monitoring and which tests are most sensitive [11,18,37,40,57,74–
79]. Furthermore, the evidence supporting any guidelines for using any monitoring modality
is insufficient to determine when anthracycline treatment should be stopped
[11,18,37,40,57,74–79]. This uncertainty regarding the strengths and weaknesses of
different monitoring modalities, and the lack of uniformity in monitoring schedules and
methods, means that any monitoring could have serious safety or financial consequences
from tests that are unnecessarily frequent or not frequent enough to detect early cardiac
dysfunction in asymptomatic patients. Consequently, it is important to study the more
promising modalities more extensively in larger clinical trials.

Monitoring cardiac function: imaging studies
As previously mentioned, evidence-based guidelines for monitoring cardiac function in
anthracycline-treated children are still being investigated. Furthermore, there are currently
no studies in childhood cancer survivors designed to explore the accuracy of diagnostic
testing as a primary objective. However, major cardiology organizations have made
recommendations to assist in the clinical application of echocardiography. In 1992, the
Cardiology Committee of the Children's Cancer Study Group created guidelines for
monitoring cardiotoxicity in order to modify therapy [80]; however, after further review of
the sources from which they based the decisions for treatment modification, none of the
studies cited were properly designed to test the efficacy of such an approach [78]. The
American Heart Association's class I recommendation for children receiving anthracycline
treatment is serial monitoring by echocardiography starting at diagnosis and throughout
treatment, using either M mode echocardiography, Doppler M analysis, 2D transthoracic
echocardiography, or, if appropriate, transesophageal echocardiography [76]. Similarly, the
Children's Oncology Group recommends the use of serial echocardiography to monitor
cardiac status in this population. However, although their guidelines take into account the
patient's age at diagnosis, radiation received and cumulative anthracycline dose for the
recommended frequency of monitoring [201], they do not capture the full spectrum of
potential cardiac risk factors that should be considered [78].

Thus far, no monitoring protocol has been specifically evaluated for either its cost–
effectiveness or efficacy in detecting cardiac dysfunction [37,80–83,201]. Most critically, no
guidelines for monitoring have demonstrated that the balance of oncologic efficacy and
toxicity/late effects as assessed by lifespan quality of life are improved by any current
recommendation, and this is the goal that is most important for this issue. Although there is
consensus for the need of at least a baseline measurement and some kind of serial
monitoring thereafter [76,201], there is little agreement on the most appropriate mode and
frequency of monitoring [78,81]. The establishment of a monitoring protocol in the
population is challenged by the progressive nature of anthracycline-induced cardiomyopathy
[54] and the unknown stresses on the heart from various lifestyle changes and normal
growth. Intuitively, however, the monitoring intervals and protocol may benefit by taking
into account several variables, including symptoms, cardiac risk factors, cumulative dose of
anthracyclines, other therapies received and any abnormal findings from previous studies
[37,78,82], but even this is untested and speculative.

Lipshultz et al. demonstrated that echocardiograms measured during therapy in children
with acute lymphoblastic leukemia (ALL) were not associated with cardiac abnormalities as
measured by the cardiac biomarker cTnT, a validated marker for myocyte cell death [84].
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Thus, although some studies may support the use of echocardiographic monitoring during
therapy in these patients [85], others do not concur [84].

Anthracycline-induced cardiac dysfunction has been reported in asymptomatic childhood
cancer survivors, by measure of echocardiography, after a median of 5.2 years (range: 2–15
years) from treatment completion of cumulative anthracycline doses less than 300 mg/m2

[86]. Furthermore, echocardiograms measured at the end of therapy have been associated
with abnormal echocardiographic status 11.8 years after therapy [54]. Together, these
findings may potentially suggest the usefulness of echocardiographic monitoring at the end
of therapy, but again, no study has looked at individualized echocardiographic or other
cardiac biomarker-guided changes in chemotherapy in terms of whether it results in an
improvement in the balance of oncologic efficacy and toxicity/late effects in survivors.
Hence, its exact role during and after anthracycline treatment requires further evaluation.

The type and reliability of the data collected from different imaging studies varies. LV
fractional shortening (LVFS) depends on heart rate and LV loading conditions and therefore,
may fluctuate in ways that do not reflect LV contractility (the health of cardiomyocytes).
Nonetheless, it is an accurate echocardiographic measure of global LV systolic performance
[87,88]. LV contractility, on the other hand, is a load-independent measure of myocyte
vitality and cardiac function, suggesting this as more ideal measurement for longitudinal
studies assessing intrinsic cardiac health [87]. Whether one is more important than the other
at predicting future clinically significant cardiovascular morbidity or mortality is not know
for this population.

Late-onset anthracycline-induced cardiomyopathy is often detectable using either
radionuclide ventriculography (radionuclide angiography or equilibrium radionuclide
angiography) or transthoracic echocardiography. Each imaging modality may measure LV
systolic function accurately and can also assess heart structures, including the valves and
pericardium (although these are more easily captured by echocardiography when acceptable
echocardiographic windows are present) [37]. Although transthoracic echocardiography is
noninvasive and thus safer in patients who may not tolerate anesthesia well, radionuclide
ventriculography measures the change in radioactivity between end systole and end diastole,
in order that the calculated LV ejection fraction (LVEF) can be determined [89]. Thus,
although LV function can be estimated either by measuring LVFS or LVEF using
echocardiography or radionuclide ventriculography, these values are not directly
interchangeable [37]. Cardiac MRI may also be useful in this setting, but its utility in
detecting doxorubicin-induced cardiotoxicity in children has yet to be determined.

No data support the use of radionuclide ventriculography for monitoring asymptomatic
survivors. However, some have recommended radionuclide ventriculography studies every 5
years for all survivors of childhood cancers who were treated with anthracyclines. In
addition, regular, more frequent, echocardiographic studies are also recommended for these
individuals [83,90]. Assessment of LV diastolic function is important for the assessment of
cardiotoxicity in survivors. Unfortunately, LV diastolic dysfunction is best confirmed with
invasive techniques, such as radionuclide ventriculography [37].

Monitoring cardiac status: cardiac biomarkers
Clarifying the relationship between anthracycline dosages and the corresponding degree of
cardiotoxicity is continuously challenging. Clinically significant cardiac damage may not
present for months or years after the cessation of chemotherapy, yet clinically
asymptomatic, detrimental changes in cardiac function and structure may be detectable
much earlier. In addition, physicians often must extrapolate the dosage data collected from
anthracycline-based studies of adults to children and there is a fine line between treating
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cancer aggressively enough and overwhelming patients with the toxic side effects of these
drugs. Children are particularly susceptible to the detrimental effects of anthracyclines,
which can greatly alter their developmental maturation.

A reliable assessment of a patients' tumor response to their dosage of chemotherapeutic
drugs would reduce some of the guesswork involved their treatment. Several biomarkers and
clinical procedures have been investigated with mixed results. The most promising tools for
monitoring cardiac health include cardiac troponins, NT-proBNP, and high sensitivity C
reactive protein (hsCRP) [70].

Serum cardiac troponins are proteins mostly found in cardiomyocyte sarcomeres. In patients
with normal renal clearance, the degree of cardiac damage appears to be directly related to
elevations in serum cardiac troponin concentrations [11,18,37,74–76,84,91].

Lipshultz et al. found that even small increases in serum concentrations of cTnT in children
after the first dose of doxorubicin increased the risk of LV wall thinning and dilation [70]. In
addition to this use as an independent predictor of certain LV characteristics, the authors
also found that in children, cTnT concentrations seemed to provide a more sensitive
measurement of myocardial damage than CK did, CK-MB, or myoglobin concentrations.

BNP, a neurohormone involved in fluid homeostasis, is released by ventricular myocytes in
response to stretching of the myocardium [92]. Its levels are elevated in patients with
volume-overloaded ventricles, as observed in congestive heart failure [93]. NT-proBNP is a
biomarker for distressed cardiomyocytes. It independently predicts mortality and
cardiovascular events in the general population [94] and in patients with chronic heart
failure, vascular disease and acute coronary syndromes [95]. Furthermore, elevations in NT-
proBNP within the first 90 days of anthracycline treatment were associated with LV
remodeling 4 years post-diagnosis in a cohort of children with high-risk ALL, which
suggests it may be able to detect cardiac stress in children receiving anthracyclines before
irreversible damage occurs [70].

Similarly, hsCRP, which detects generalized inflammation, may be useful for monitoring
cardiovascular changes in these vulnerable children [70]. Some studies indicate that hsCRP
independently predicts outcomes in adults with nonischemic and ischemic cardiomyopathy
and could perhaps provide a general sense of cardiovascular health, both during and after
anthracycline treatment [76].

Despite the promise of cardiac biomarkers for monitoring children exposed to
anthracyclines, there is still a need for clinical studies designed to specifically test whether
these biomarkers can accurately indicate short-term changes in cardiac function or predict
the development of late cardiotoxicity [18,73,76,96,97].

Monitoring cardiac function: exercise stress testing
Exercise stress testing may detect asymptomatic cardiac dysfunction in patients treated with
anthracyclines or mediastinal radiation, but its application in monitoring cardiac function of
childhood survivors is uncertain. Although these patients may have adequate cardiac
function at rest, they may decompensate if cardiac demands are increased [98–100]. Stress
testing assesses maximum oxygen consumption, which closely corresponds with prognosis
in patients with congestive heart failure. Adams et al. noted that maximum oxygen
consumption values were low (<20 ml/kg/m2) in long-term survivors of Hodgkin's disease
who had received mediastinal radiotherapy as part of their treatment [101].
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Hogenhuis et al. asked 229 adults hospitalized for chronic heart failure to complete two
quality of life surveys: the Minnesota Living with Heart Failure Questionnaire and the
RAND-36ph [102]. They determined the LVEF and New York Heart Association (NYHA)
class, measured their BNP and assessed their performance on a 6-min walk test, a common
exercise stress test. Although walk-test results did not correlate with LVEF (r = -0.15, p =
0.05), they were significantly correlated with Minnesota quality-of-life scores (r = -0.23, p <
0.01), RAND-36ph scores (r = 0.52, p < 0.01) and NYHA class (r = -0.46, p < 0.01). On the
other hand, BNP concentrations were not correlated with Minnesota quality-of-life or
RAND-36ph scores and were only weakly correlated with LVEF (r = -0.29, p < 0.01) and
NYHA class (r = 0.20, p < 0.01). Hogenhuis et al. suggested that the 6-min walk test
provides a better measure of quality of life and functional capacity, while plasma
concentrations of BNP correspond more closely to cardiac function [102]. It remains to be
seen how these findings in adults with chronic heart failure help interpret the results of
exercise stress tests in survivors of childhood cancers treated with anthracyclines.

Cardioprotection
Limiting the cumulative dose of anthracyclines

Not using anthracyclines at all, so long as it does not negatively influence tumor response
and survival, would be the most adequate strategy to prevent cardiotoxicity [53]. However,
the lack of randomized trials that assess the risk or benefits from limiting cumulative
anthracycline dose precludes clinicians from making such changes to treatment protocols
without knowing if it impedes oncologic efficacy. Other studies, not specifically designed to
assess limiting cumulative doses, have found significant associations between higher
cumulative doses and increased risk of cardiotoxicity. However, lower doses are not entirely
safe or effective for cardioprotection. Even patients receiving only low doses of
anthracyclines may show signs of cardiotoxicity [54]. Moreover, the clinical signs of
cardiotoxicity may present much later and be both chronic and progressive. Such delayed
presentations require long-term follow-up and make it difficult to establish doses of
anthracyclines that achieve their therapeutic goals without causing marked cardiac damage.
Despite this uncertainty, many cancer treatment protocols for both adults and children use a
maximum cumulative dose of 450–550 mg/m2 for doxorubicin [48,57] and 900 mg/m2 for
epirubicin [103].

Altering anthracycline administration
The intended goal of continuous infusion is to reduce peak drug concentrations by
prolonging the duration of infusion without reducing the dose. In adults, continuous infusion
of anthracyclines may reduce acute cardiotoxicity, but the same cannot be said in children.
In women with breast cancer, continuous infusions given over 48 or 96 h results in less
cardiotoxicity than bolus administration. Moreover, administering anthracycline through
continuous infusion in these women allows them to receive almost double the cumulative
dose of the drug without diminishing its oncological properties [104–106]. However, in
children receiving treatment for ALL, Lipshultz et al. found no difference in event-free
survival or in cardiac manifestations of anthracycline toxicity between patients treated with
bolus infusion or those treated with continuous infusion over 48 h [107]. Similarly, Levitt et
al. reported that 6 h of continuous infusion did not attenuate the degree of late subclinical
cardiotoxicity in patients who received moderate doses of anthracyclines [108].

Use of anthracycline analogs & anthracenediones
Novel formulations of anthracycline analogs have been developed, but few have less
cardiotoxicity or better cytotoxicity than that of doxorubicin [109,110]. Those that do appear
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to be less cardiotoxic, at least in preclinical studies, include mitoxantrone, epirubicin and
idarubicin [111–114]. However, results from clinical studies remain inconclusive [62,115–
117].

Liposomal anthracyclines
The distribution of liposomal anthracyclines, by their nature, is relatively confined within
the areas of vasculature lined by tight junctions, which include the heart muscle, but can
extend to tissues at sites where the junctions are not as tight or where the vascular wall has
been disrupted [118]. Tumors, with their angiogenic properties, can disrupt the integrity of
the capillary endothelium. Consequently, liposomal anthracyclines, when administered
intravenously, are capable of more selectively permeating their target tissues than traditional
anthracyclines are. This selectivity alters the volume of their distribution and results in less
cardiotoxicity than that of traditionally formulated anthracyclines but without reducing anti-
tumor effects. Most randomized trials in adults comparing liposomal doxorubicin with the
standard formulation have concluded that they are about equally effective but that liposomal
anthracyclines are less cardiotoxic [119–121].

A further advantage of liposomal anthracyclines over traditional formulations is that their
release is slower. This property, in turn, may result in lower peak concentrations, which may
help lower their cardiotoxicity [122].

Currently, liposomal doxorubicin, pegylated liposomal doxorubicin and liposomal
daunorubicin are the only liposomal anthracycline formulas being assessed in the USA.
Although higher cumulative doses of liposomal daunorubicin (600–900 mg/m2) are
cardiotoxic, early clinical studies suggest that liposomal daunorubicin is less cardiotoxic
than traditionally formulated daunorubicin [123,124].

One randomized trial of 509 patients with metastatic breast cancer compared pegylated
liposomal doxorubicin with the traditional formulation. The cumulative dose was at least
500 mg/m2. Although overall survival rates were similar, the group given pegylated
liposomal doxorubicin had significantly less cardiotoxicity (hazard ratio: 3.2; 95% CI: 1.6–
6.3) [125].

Despite the positive outlook of liposomal anthracyclines, these results are based on adult
studies and therefore cannot be extrapolated to children. There is a lack of randomized trials
in children with cancer [126], and until there is more evidence, these children should
proactively continue to undergo cardiac monitoring.

Probucol
Probucol, a cardioprotectant for use with doxorubicin, has been studied in preclinical
settings. It is an antioxidant and lipid-lowering agent [127] that may help reduce
atherosclerotic cardiovascular disease [128,129], but its use has been limited because of its
propensity to lower HDLs more than LDLs [127]. Despite this drawback, studies in rats
have shown that pretreatment with probucol negates the toxic impact of doxorubicin therapy
on cardiomyocytes. Moreover, these studies suggest that probucol does not interfere with the
anti-tumor activity of doxorubicin [130].

The exact mechanism behind probucol's protection is not well understood, but it may be
related to either its lipid-lowering or antioxidant properties [131,132]. Several studies in rats
found that the activity of GSHPx, an antioxidant enzyme, was significantly lowered by a
cumulative dose of 15 mg/kg body weight of doxorubicin given over six equal injections,
but was not altered in the rats pretreated with probucol before receiving doxorubicin. One
study found that pretreatment with probucol prevented an increase in a marker of oxidant
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stress, thiobarbituric acid [133–135]. Another study reported that pretreatment with probucol
before doxorubicin therapy increased the levels of superoxide dismutase, whereas
doxorubicin administration without probucol pretreatment slightly decreased the levels of
this antioxidant enzyme [133,134]. Although the benefits of probucol administration before
doxorubicin treatment could be important, its viability as a cardioprotectant in humans
remains to be evaluated.

N-acetylcystein
N-acetylcystein is a mucolytic agent with both anticarcinogenic and antigenotoxic
properties. In addition, it promotes intracellular glutathione synthesis, thereby acting as an
antioxidant [136]. However, despite these properties, a randomized trial concluded that N-
acetylcystein added to doxorubicin was not cardioprotective [137].

Carvedilol
Carvedilol is a β-adrenergic antagonist widely used to treat CHF, hypertension and angina. It
has α1-blocking vasodilatory effects and [138] is a potent antioxidant, which may explain its
cardioprotective effects [139,140]. Several studies have reported that carvedilol and several
of its metabolites can prevent lipid peroxidation and the depletion of endogenous
antioxidants, including intracellular glutathione and vitamin E [140,141]. Carvedilol both
scavenges for and impedes the formation of reactive oxygen free radicals [140,141] and
studies in rats have shown that it markedly reduces doxorubicin-induced cardiomyopathy
[142]. It is currently used to improve prognosis, alleviate symptoms, and stop the decline of
LV function in patients with established doxorubicin cardiomyopathy [142,143]. In vitro
studies by Spallarossa et al. found that carvedilol could inhibit apoptosis [144] by
substantially improving the Bax:Bcl2 ratio and significantly reducing the production of
hydroperoxide and superperoxide anions. The authors also established that the
cardioprotective activity of carvedilol did not stem from its properties as a β-blocker, but
rather as an antioxidant. Although carvedilol is promising, we found no randomized trials
testing its efficacy as a cardioprotectant in children. In addition, whether or not it interferes
with the antineoplastic activity of doxorubicin must be assessed.

Inhibition of the renin-angiotensin-aldosterone system
Several studies involving angiotensin-converting enzyme (ACE) inhibitors administered
after anthracycline treatment have found that the renin-angiotensin-aldosterone system is
important in creating anthracycline-induced cardiac dysfunction. Nakamae et al.
investigated whether valsartan, an angiotensin II blocker, could reduce doxorubicin-induced
cardiomyopathy in a randomized trial of 40 adults with non-Hodgkin's lymphoma [145].
One group received standard chemotherapy with cyclophosphamide, doxorubicin,
vincristine and prednisolone (CHOP) and the experimental group received an additional
daily dose of 80 mg of valsartan. Valsartan significantly reduced chemotherapy-induced
transient increases in the QTc interval (p < 0.001), QTc dispersion (p = 0.02) and the LV
end-diastolic diameter (p = 0.01). In addition, valsartan appeared to prevent increases in
BNP (p = 0.001). CHOP-induced increases in these various physiological values nearly
returned to normal in the control group within a week after the end of chemotherapy (p <
0.001). Mean blood pressure and heart rate values did not differ significantly between the
two groups. Consequently, the authors concluded that valsartan reduced doxorubicin-
induced cardiac damage by its role as an angiotensin II blocker.

In a similar fashion, various ACE inhibitors, including captopril and enalapril, have been
assessed as chemotherapy adjuvants to reduce oxidative stress, downregulate the activation
of renin-angiotensin-aldosterone system and minimize the generation of free radicals [146].
As observed with the angiotensin II blocker valsartan, concomitant administration of ACE
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inhibitors seems to reduce cardiac damage. Unfortunately, these studies do not adequately
address how children might respond to adjuvant treatment with an angiotensin II blocker or
an ACE inhibitor during anthracycline-based chemotherapy or whether treatment with
valsartan provides lasting cardiac benefits. These findings are preliminary and so require
further investigation, particularly in long-term survivors.

Sildenafil
Fischer et al. determined whether sildenafil, a phosphodiesterase-5 inhibitor proven to
reduce ischemic- and reperfusion-related cardiac injury, could also protect against
doxorubicin-induced cardiotoxicity [147]. Mice were randomly assigned to one of four
treatment groups: saline, sildenafil, doxorubicin (5 mg/kg intraperitoneally), or doxorubicin
plus sildenafil (0.7 mg/kg intraperitoneally). The sildenafil-treated mice had lower apoptosis
and desmin disruption than mice treated only with doxorubicin. LV pressure and rate
pressure product was also lower in sildenafil-treated mice than in mice treated only with
doxorubicin. Furthermore, during the 8-week trial, mean ST intervals only increased
significantly from baseline in mice treated with doxorubicin and not in mice treated with
both doxorubicin and sildenafil. The cardioprotection provided by sildenafil against
doxorubicin-induced apoptosis in cardiomyocytes was completely prevented by L-NAME, a
nitric oxide synthase inhibitor and 5-hydroxydecanoate [148], which blocks both ischemic
and pharmacological preconditioning and is thought to specifically inhibit mitochondrial
ATP-sensitive channels. These results illustrate the dependence of this pathway on nitric
oxide synthase and indicate that sildenafil's effect on the opening of mitochondrial ATP-
sensitive channels channels helps prevent doxorubicin cardiotoxicity.

Di et al. examined the effects of sildenafil in one murine breast tumor line and in four
human breast tumor cell lines that were grown in mice subsequently treated with
doxorubicin [149]. Adding sildenafil to cisplatin, taxol, camptothecin or doxorubicin did not
reduce the antineoplastic activities of these chemotherapeutic agents. The effects of
sildenafil on treatment with doxorubicin were increased DNA damage and apoptosis in
MDA-MB231 cells. In addition, sildenafil treatment notably increased the sensitivity of the
p53 mutant MDA-MB231 and p53 null MCF-7/E6 cells to doxorubicin and mildly increased
the sensitivity in the MCF-7/caspase 3 and 4T1 cell lines. Furthermore, sildenafil did not
change the sensitivity of bone marrow cells or macrophages to doxorubicin, nor did it
increase doxorubicin-associated toxicity or immunosuppression. This finding was
particularly noteworthy because phosphodiesterase type 5 is expressed in macrophages
[150] and other cells involved in the immune system and because there was concern that
sildenafil would exacerbate doxorubicin's immunosuppressive effects [151,152].

Although more studies are needed to further examine the pharmacokinetics of sildenafil in
children, it has already demonstrated benefit in children treated for pulmonary hypertension
related to congenital heart disease [153,154] and in persistent pulmonary hypertension in
newborns [155,156]. The findings of both Fischer et al. [147] and Di et al. [149] suggest
that sildenafil may be useful as a cardioprotectant against the harms of doxorubicin, but
further research is necessary to determine whether or not its effects are transient and whether
it protects against the development of late cardiomyopathy.

Adiponectin
Adiponectin, a hormone involved in a several metabolic processes [157], appears to confer
some degree of protection against ventricular hypertrophy and ischemia-reperfusion injury.
Konishi et al. in an in vivo study in mice, assessed whether adiponectin also protects against
doxorubicin-induced cardiomyopathy [158]. Their results suggest that adiponectin may
reduce doxorubicin-induced cardiomyopathy and thus ameliorate cardiac function, through
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antiapoptotic effects achieved by upregulating AMP-activated protein kinase. Whether or
not adiponectin is an appropriate cardioprotective agent in children treated with
anthracyclines remains to be established.

Erythropoietin
Erythropoietin (EPO) a cytokine produced by the adult kidney and is known for its role in
hematopoiesis. Li et al. note that EPO receptors are also found in nonhematopoietic tissues,
such as cardiac, brain, spinal cord and skeletal muscle and that recent studies in adults
indicate that EPO may play a protective role in these tissues [159]. Cardiac tissue that
received EPO prior to or during ischemic insult appeared to demonstrate improved LV
contractility and cardiac recovery. Wanting to determine if EPO offered additional
protection against cardiac disease of nonischemic origin, specifically, doxorubicin-induced
cardiomyopathy, Li et al. used murine models to study the effects of administering EPO at
various durations following doxorubicin administration compared with a control group that
was given the chemotherapeutic agent only [159]. They reported that the administration of
EPO prior to the appearance of cardiac dysfunction resulted in less LV dilation and
dysfunction and appeared to provide some degree of protection against such doxorubicin-
associated complications [159].

While EPO use may be a valuable adjunct to therapy in those treated with doxorubicin, the
actual effects of EPO therapy in patients, with regard to survival outcomes and possible side
effects remains to be thoroughly established, especially in children.

Dexrazoxane
Dexrazoxane inhibits DNA topoisomerase II and is converted by the cells to an open-ring
derivative (ADR-925), which chelates iron. Its activity as a chelator enables dexrazoxane to
either bind free iron or remove iron from the doxorubicin–iron complex, thereby avoiding
oxygen radical formation. This property may be essential for dexrazoxane to mitigate some
of the cardiotoxic effects of doxorubicin treatment [160]. The cardioprotective benefit of
inhibiting DNA topoisomerase II, on the other hand, is less certain and requires further
evaluation since cardiac tissue lacks topoisomerase IIα. Regardless of whether or not it is
important in cardioprotection, dexrazoxane's inhibition of DNA toposisomerase II is thought
to contribute fundamentally to dexrazoxane's antineoplastic activity [115].

In patients with breast cancer, higher cumulative doses of doxorubicin are well tolerated
when patients are pretreated with dexrazoxane [161,162]. Several randomized trials in both
children and adults have all concluded that dexrazoxane is an effective cardioprotectant
against anthracycline-induced toxicity [91,161,163–166] and all but one concluded that
pretreatment with dexrazoxane did not impair tumor response to anthracycline treatment.
Results of the Dana–Farber Cancer Institute Childhood (DFCI) ALL protocol 1995–2001
showed that dexrazoxane reduced or prevented doxorubicin-induced cardiac injury in
patients with high-risk ALL, as indicated by elevations in cardiac troponin T, after a median
follow-up of 2.7 years (Figure 3) [84,91]. An additional study showed that at the end of
therapy, cardiac troponin T (a biomarker that indicates cardiac injury) was elevated in more
children who received doxorubicin alone than in those who also received dexrazoxane
(Figure 4) [70]. After a median follow-up of 8.7 years in this same 1995–2001 protocol, the
cardioprotective effect of dexrazoxane still remained and no differences were found in
event-free survival between the group who received doxorubicin alone and the dexrazoxane
plus doxorubicin group (event-free survival: 77% for both; p = 0.99) [166].

The long-term cardioprotective effect of dexrazoxane is further concluded in the analysis of
echocardiographic measurements from 66 and 68 high-risk ALL survivors who received

Harake et al. Page 14

Future Cardiol. Author manuscript; available in PMC 2013 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



doxorubicin or doxorubicin plus dexrazoxane, respectively. 5 years after completing
doxorubicin chemotherapy, LVFS and end-systolic dimension Z scores were significantly
worse than normal for children who received doxorubicin alone (LVFS: -0.82; end-systolic
dimension: 0.57) as compared with children who also received dexrazoxane (LVFS: -0.41;
end-systolic dimension: 0.15). Girls given dexrazoxane rather than doxorubicin alone had
significantly better LVFS than boys (Figure 5A & B). Mean Z scores in boys were
significantly lower than zero from 2 years onwards in the doxorubicin plus dexrazoxane
group and 3 years onwards in the doxorubicin alone group (Figure 5D). In girls, mean Z
score differed significantly between treatment groups, with the doxorubicin plus
dexrazoxane group close to zero (Figure 5C). Left ventricular wall thickness and thickness-
to-dimension ratio were the only statistically significant characteristics for the protective
effect of dexrazoxane [166].

Fears that dexrazoxane may protect cancer cells, in addition to cardiomyocytes, or increase
the risk of second malignancies have raised concern of its use among investigators [167]. A
meta-analysis by van Dalen et al. on cardioprotective strategies for anthracycline-treated
children and adults, assessed dexrazoxane's effectiveness as a cardioprotectant [53]. The
findings of this study implied that there was a significant benefit in favor of using
dexrazoxane, with regard to the prevention of clinical heart failure (RR: 0.18; 95% CI: 0.10–
1.32; p < 0.001) and clinical and subclinical heart failure combined (RR: 0.29; 95% CI:
0.20–0.41; p < 0.0001). Furthermore, they noted that there was no difference in the tumor
response rate between the dexrazoxane treatment group and the control group (RR: 0.89;
95% CI: 0.78–1.02; p = 0.08). In addition, a total of 113 (36%) of the 315 patients who did
not receive dexrazoxane with their anthracycline treatment eventually experienced either
clinical or subclinical heart failure, whereas heart failure occurred in only 34 (10%) of the
328 patients pretreated with dexrazoxane (RR: 0.29; 95% CI: 0.20–0.41; p < 0.0001).
Herman et al. found that adding the cardioprotectant dexrazoxane in rats treated with
doxorubicin lowered cTnT concentrations below that in controls [168]. Furthermore, they
found no significant differences in overall survival between patients treated with and
without dexrazoxane [53]. Barry et al. found no association between dexrazoxane and
second malignant neoplasms among the 205 high-risk ALL patients in the DFCI 1995–2001
protocol after a median follow-up of 6.2 years [169]. Furthermore, Vrooman et al. expanded
the study to include 553 patients treated with dexrazoxane in three consecutive multicenter
trials (DFCI protocols 1995–2001, 2000–2001, 2005–2010). The overall 5-year cumulative
incidence of second malignant neoplasms in this study was 0.24 ± 0.24%. Of the 553
patients, the only case was that of an acute myelogenous leukemia, which occurred in a
patient with mixed-lineage leukemia-rearranged ALL approximately 2 years after initial
diagnosis [170].

Dexrazoxane is thought to be the only cardioprotectant proven to be effective against
anthracycline treatment in randomized trials [53,166]. Despite this fact, the American
Society of Clinical Oncology currently recommends limiting its use to adults with metastatic
breast cancer who would benefit from additional doxorubicin treatment but in who the
cumulative dose of doxorubicin is already above 300 mg/m2. The findings from Schuchter et
al. in adults treated with anthracyclines for nonbreast cancer malignancies also suggest that
dexrazoxane may be used cautiously in these patients who would benefit from further
doxorubicin treatment but whose cumulative dose of doxorubicin already exceeds 300 mg/
m2 [171].

Dexrazoxane is an important component of cardioprotection without compromising
oncologic activity, but its use may be insufficient to fully prevent long-term LV dysfunction,
at least in some groups of patients [166]. A Cochrane review recommends the use of
dexrazoxane if substantial cardiac damage is anticipated, but the clinician must weigh
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dexrazoxane's cardioprotective effect with the poorly substantiated risk of moderating tumor
response rates [53].

Amifostine
Amifostine, a membrane-bound alkaline phosphatase, is a cytoprotective agent with a
concentration 275-times greater in normal tissue than in tumor tissue [172]. Conversion to
its active metabolite, WR-1065, is favored by the neutral pH of normal tissues and not by
the more acidic pH of neoplastic tissue [173]. The favorable pH of normal tissue, combined
with the markedly higher concentration of amifostine in normal tissue results in a much
higher rate of conversion to the active metabolite in normal tissue than in neoplastic tissue.
The higher level of WR-1065 in normal tissue would, therefore, confer selective protection
during anthracycline treatment. Although in vivo studies in rats indicated that amifostine was
somewhat cardioprotective [174,175], Herman et al. concluded that dexrazoxane was the
better cardioprotectant [176].

Treatment of cardiovascular disease
Despite all efforts to prevent anthracycline-induced cardiomyopathy, it is still a prevalent
complication in survivors with serious implications on mortality and quality of life [177].
Both symptomatic and asymptomatic presentations of LV dysfunction are associated with
poor prognosis. Based on the NYHA criteria, ambulatory adults with doxorubicin-induced
NYHA class II–IV heart failure have an estimated 40% 1-year mortality rate and a 60% 2-
year mortality rate [178]. Adults with incidentally discovered asymptomatic idiopathic
dilated cardiomyopathy have a similarly poor prognosis, with an estimated 7-year survival
rate of 50% [179]. These grim statistics underscore the imperative nature of reducing
anthracycline-induced cardiotoxicity. Since nothing completely prevents the damage
induced by anthracycline-treatments, survivors of childhood cancers must be monitored
carefully and continuously for both asymptomatic and clinical indicators of cardiac distress.
Symptomatic and asymptomatic LV dysfunction in particular should be treated aggressively
to prevent progression to heart failure. However, very few studies on treatment of
anthracycline-induced cardiotoxicity exist in the pediatric population [180].

Growth hormone (GH) has been investigated as a means of restoring LV function following
treatment with anthracyclines. It has been proposed that GH directly, or perhaps indirectly
through IGF-1, may decrease LV systolic wall stress and thereby improve LV performance
by inducing LV hypertrophy. In a 10-year longitudinal study, Lipshultz et al. evaluated
whether or not treatment with GH ameliorated certain types of LV dysfunction [181]. Serial
cardiac findings in two groups of childhood cancer survivors were compared; one group
who received GH following treatment with anthracyclines and another group with similar
baseline cardiac function that did not receive GH. While LV wall thickness for the GH-
treated group was greater than that of the control group during therapy, the effects of
treatment were transient and dissipated after GH therapy was discontinued. Additionally,
excess afterload did not improve during GH therapy, despite decreases in end systolic blood
pressure and increases in wall thickness and LV mass. Noting that wall stress decreases with
increasing LV wall thickness and increases with increasing LV pressure or dimension,
Lipshultz et al. concluded that patients treated with GH continued to experience a
progressive decrease in contractility, which resulted in a secondary increase in afterload due
to the subsequent decrease in the thickness:dimension ratio [181].

Another treatment targeted at minimizing LV dysfunction associated with anthracycline-
induced cardiac damage is the use of ACE inhibitors. Silber et al. performed a double-blind,
placebo-controlled study of enalapril, an ACE inhibitor, in patients exposed to
anthracyclines during childhood to determine if the use of an ACE inhibitor would inhibit
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the progression of cardiac dysfunction by decreasing left ventricular end-diastolic wall stress
[182]. Although ACE inhibitors did lower left ventricular end-diastolic wall stress, the
authors failed to find an effect on the progression of cardiac dysfunction after a follow-up of
2.8 years [182]. In contrast to Silber et al., a retrospective study of 18 childhood cancer
survivors treated with doxorubicin who underwent regular echocardiographic examinations
during enalapril therapy, showed progressive improvement in LVFS, afterload, LV
dimension and mass during the first 6 years of treatment with enalapril [183]. However,
these gains deteriorated between 6 and 10 years of treatment and became not significantly
different from pre-enalapril LV structure and function measurements. LV contractility,
systolic blood pressure, and to a lesser extent, diastolic blood pressure declined throughout
the study. This study demonstrated that the short-term benefit observed with enalapril
therapy was primarily attributable to the decreased diastolic pressure, and that children with
higher diastolic blood pressure are more likely to experience a beneficial response to
enalapril therapy [183]. LV wall thickness, the primary cardiac abnormality seen in these
patients, continued to progressively decline on enalapril therapy, even during the period of
treatment in which LV dilation declined. These findings suggest that the continued decline
in LV thickness might be attributable to enalapril-induced impairment of both pathologic
and physiologic hypertrophy, a well-known effect of ACE inhibition. The inhibitory effect
of enalapril on physiologic hypertrophy may explain why the younger children in this study
fared worse than their older counterparts, with more depression of LVFS and more increases
in LV afterload, dilation and mass during the first 2.4 years of enalapril therapy. Overall,
regardless of whether or not they were treated with enalapril, doxorubicin-treated children
continued to experience progressive LV dysfunction. However, this study concluded that
enalapril treatment did provide a 6–10-year respite before asymptomatic LV dysfunction
returns to baseline [183].

Conclusion
Anthracycline-induced cardiotoxicity is extremely costly at many levels. In addition to
greatly increased medical costs [71,75], treatment options are often limited with regard to
the patients' cumulative dose and their treatment protocols in the event of relapse or lack of
response to their first chemotherapy drug. Additionally, childhood cancer survivors are at
increased risk for early mortality and substantial reductions in their quality of life and often
require long-term treatment for anthracycline-related complications [18]. The cardiac
damage clearly linked to anthracycline exposure provides ample reason to search for
effective cardioprotective measures and to carefully assess the evidence for administering
the cumulative doses currently used in various treatment protocols.

Although preventing doxorubicin-induced cardiomyopathy should remain a priority, it is
also necessary to investigate postchemotherapeutic treatments that can ameliorate the
damage of anthracycline-induced cardiomyopathy and impede the progression of cardiac
dysfunction in these young and vulnerable patients.

Future perspective
Currently, dexrazoxane is potentially the only cardioprotectant for targeted prevention of
children receiving anthracycline treatment whose efficacy has been established in a large
randomized trial [91,166]. Although it is currently only approved for use in a small subset of
adult cancer patients, the critical demand for a safe and effective adjuvant treatment that
reduces cardiac damage while preserving the antineoplastic effects of anthracyclines makes
a strong argument for administering dexrazoxane as part of the standard of care in children
treated with anthracyclines.
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Aside from dexrazoxane and other cardioprotective measures [53], the use of
complementary and alternative medicine therapies, such as use of yoga, dietary
supplements, acupuncture [184] and adopting a heart-healthy lifestyle may hold promise in
reducing the physiological changes that accompany anthracycline-induced cardiomyopathy.
However, further large-scale studies are needed to assess whether any of these therapies can
be recommended in children treated with anthracyclines.

Unfortunately, dexrazoxane does not prevent all anthracycline-related cardiac damage and
thousands of survivors of childhood cancers have already completed treatment with
anthracycline-based chemotherapy. Thus, we foresee continued investigation into the use of
traditional heart failure medications, such as ACE inhibitors and β-blockers, in children, as
well as experimentation with novel therapies, such as safer formulations of anthracyclines
and even stem cell therapy, to repair damaged cardiomyocytes.

Ibsen et al. developed a prodrug form of doxorubicin (DOX-PBC), which blocks the free
amine group in doxorubicin, whose activation can be controlled with exposure to ultraviolet
light at 350 nm [185]. While traditional doxorubicin quickly entered cells and almost
completely localizes to the nucleus, DOX-PBC did not stain the exposed DNA during
mitosis and remained in the cytoplasm of the cell, even though it, too, rapidly entered cells.
Furthermore, DOX-PCB was relatively stable against metabolic breakdown in the liver and
showed a 200-fold decrease in cytotoxicity compared with free DOX [185].

Developing novel formulations of anthracyclines may help prevent many anthracycline-
induced cardiomyopathies, but for children who currently have anthracycline-related cardiac
damage, advances in stem cell therapy may potentially be able to reverse or repair such
damage, improving the quality of life for these children. The use of cardiac stem cells to
help repair myocardial damage in adults is already underway [186]. Although stem cell
therapy in adults with ischemic cardiomyopathy has proven beneficial in several clinical
trials, similar trials have not been conducted in children [187–191]. Regardless of the
attractiveness of stem cell therapy, little is known regarding its long-term effects on patients,
especially in children who have yet to complete their physical and mental growth and
development. As such, it is imperative that the primary focus on future studies should be on
protecting these children from the toxic effects of anthracycline treatment, without reducing
the antineoplastic activity of these therapies.
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Executive summary

Background

• Anthracyclines are commonly used and are successful, in treating hematologic
cancers and malignant neoplasms in both adults and children, but are tempered
by their toxic-related health complications throughout life.

Mechanisms of anthracycline-induced cardiotoxicity

• Despite more than three decades of use, it is still unclear exactly how
anthracyclines exert their chemotherapeutic activity and induce cardiotoxic
changes.

Risk factors for developing anthracycline-induced cardiotoxicity

• Some of the known risk factors for developing anthracycline-induced
cardiotoxicity include cumulative dose, female gender, younger age at
diagnosis, longer follow-up and radiation therapy involving the heart.

Pathophysiology of anthracycline-induced cardiotoxicity

• Although there is no consistently used, precise definition for anthracycline-
induced cardiotoxicity, it is generally referred to in three categories on the basis
of time-of-onset: acute changes, early onset chronic progressive cardiomyopathy
and late-onset progressive cardiomyopathy.

Diagnosis & monitoring

• The uncertainty regarding the strengths and weaknesses of different monitoring
modalities and the lack of uniform monitoring schedules and methods can cause
tests to detect early cardiac dysfunction in asymptomatic patients to become
unnecessarily frequent or not frequent enough potentially resulting in serious
safety or financial consequences.

Cardioprotection

• Many cardioprotective strategies have been tested, but none have managed to
protect the heart entirely from the cardiotoxic effects of anthracycline treatment.

• Dexrazoxane is thought to be the only cardioprotectant proven to be effective
against anthracycline treatment in randomized trials.

Treatment of cardiovascular disease

• Growth hormone and angiotensin-converting enzyme inhibitors have each been
investigated as a means to treat anthracycline-induced cardiomyopathy, but the
cardiac improvements resulting from these treatments were only transient.

Conclusion

• The association between anthracycline treatment and cardiotoxicity is apparent
based on the evidence to date.

• Further research is needed in developing evidence-based guidelines for
monitoring cardiac dysfunction in patients treated with anthracyclines.

• Given the success, but toxic nature, of anthracyclines in the treatment of cancer,
there is an urgent need to find efficient cardioprotective strategies that can
balance toxicity and oncologic efficacy.
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Figure 1. Mechanism of anthracycline toxicity within the cardiomyocyte
Anthracyclines enter cardiomyocytes by passive diffusion and spur the generation of free
radicals, leading to cell damage. Anthracyclines also directly and indirectly inhibit gene
transcription, mitochondrial functioning, and energy production within the cell.
β1ADR: β1 adrenergic receptor; Ca: Calcium; cTn: Cardiac troponin; DOX: Doxorubicin;
Fe2+: Iron; MLC2: Myosin light chain; MM-CK: Muscular creatine kinase; MT-CK:
Mitochondrial creatine kinase; NO: Nitric oxide; ROS: Reactive oxygen species; TOPII:
Topoisomerase II; Trans reg: Transcriptional regulatory.
Reproduced with permission from [28].
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Figure 2. Probability of depressed contractility as a function of the cumulative dose of
doxorubicin by sex
Adapted from [60], with permission from Massachusetts Medical Society.
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Figure 3. Percentage of patients with at least one elevated cardiac troponin T level overall,
before treatment with doxorubicin and during treatment
An elevated level of troponin T was defined as one that exceeded 0.01 ng/ml. The number of
patients in whom troponin T was measured at least once during the specified intervals is
shown in each bar.
Adapted with permission from [84].
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Figure 4. Model-based estimated probability of having an increased cardiac troponin T level at
each depicted time point in patients treated with doxorubicin, with or without dexrazoxane
Vertical bars show 95% CIs. Increased cTnT is defined as a value greater than 0.01 ng/ml.
*p-value versus dexrazoxane group ≤0.05; **p-value versus dexrazoxane group ≤0.001. An
overall test for dexrazoxane effect during treatment was significant (p < 0.001).
cTnT: Cardiac troponin T.
Adapted with permission from [70].
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Figure 5. Mean left ventricular echocardiographic Z scores in boys and girls (n = 134)
Plots are adjusted for age *p ≤ 0.05 for comparison of the mean Z score of the doxorubicin
plus dexrazoxane group with zero. **p ≤ 0.05 for comparison of the mean Z score for the
doxorubicin group with zero. ***p ≤ 0.05 for comparisons of mean Z scores between the
doxorubicin and doxorubicin plus dexrazoxane groups.
Adapted with permission from [166].
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Table 1

Risk factors for anthracycline cardiotoxicity.

Risk factor Aspects Ref.

Cumulative anthracycline dose Cumulative doses >500 mg/m2 associated with marked long-term risk [38, 52, 54,57]

Length of post-therapy interval Incidence of clinically important cardiotoxicity increases progressively after therapy [38,54,166]

Rate of anthracycline administration Prolonged administration to minimize circulating dose volume may decrease toxicity;
results are mixed

[107]

Individual anthracycline dose Higher individual anthracycline doses are associated with increased late
cardiotoxicity, even when cumulative doses are limited

[54,60]

Type of anthracycline Liposomal encapsulated preparations may reduce cardiotoxicity. Data detailing
anthracycline analogs and cardiotoxicity differences are conflicting

[18,76]

Radiation therapy Cumulative radiation dose >30 Gy; prior or concomitant anthracycline treatment [37,40]

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

[40,76]

Pre-existing cardiac risk factors Hypertension; ischemic, myocardial and valvular heart diseae; prior cardiotoxic
treatment

[76]

Comorbidities Diabetes, obesity, renal dysfunction, pulmonary disease, endocrinopathies, electrolyte
and metabolic abnormalities, sepsis, infection, pregnancy

[76]

Age Both young and advanced age at treatment are associated with increased risk [38,60]

Sex Females are at greater risk than males [60]

Additional factors Trisomy 21; African–American ancestry [57]

Adapted from [73], with permission from BMJ Publishing Group Ltd.
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Table 2

Characteristics of the different types of anthracycline-associated cardiotoxicity.

Characteristic Acute cardiotoxicity Early onset, chronic progressive
cardiotoxicity

Late onset, chronic progressive
cardiotoxicity

Onset Within the first week of
anthracycline treatment

<1 year after completing anthracycline
treatment

>1 year after the completion of
anthracycline treatment

Risk factor dependence Unknown Yes Yes

Clinical feature in adults Transient depression of
myocardial contractility;
myocardial necrosis (cTnT
elevation); arrhythmia

Dilated cardiomyopathy; arrhythmia Dilated cardiomyopathy; arrhythmia

Clinical feature in
children

Transient depression of
myocardial contractility;
myocardial necrosis (cTnT
elevation); arrhythmia

Restrictive cardiomyopathy or dilated
cardiomyopathy; arrhythmia

Restrictive cardiomyopathy or dilated
cardiomyopathy; arrhythmia

Course Usually reversible on
discontinuation of
anthracycline

Can be progressive Can be progressive

cTNT: Cardiac troponin T.

Adapted from [37], with permission from John Wiley and Sons, Inc.
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Table 3

Potentially useful screening modalities for patients at risk for cardiotoxicity.

Screening modality Late effects Indication

Echocardiogram Cardiomyopathy Anthracycline therapy and radiation therapy†

LV shortening fraction, contractility, wall stress and
wall thickness

Systolic dysfunction

Systolic indices, LV chamber size, LV mass and peak E/
A ratio‡

Diastolic dysfunction Anthracycline therapy and radiation therapy†

Doppler echocardiography Valvular disease Anthracycline therapy and radiation therapy†

Wall thickness and visualization of pericardium Pericarditis Anthracycline therapy and radiation therapy†

RNA Cardiomyopathy Anthracycline therapy and radiation therapy†

LV ejection fraction Systolic dysfunction

Peak flow rate of filling Diastolic dysfunction

Exercise stress test Anthracycline therapy and radiation therapy†

With or without imaging (echocardiogram or RNA) Coronary artery disease

With imaging Cardiomyopathy (systolic
dysfunction only)

ECG and 24-h Holter ECG Arrhythmia and conduction
disturbances

Anthracycline therapy and radiation therapy†

Lipid profile Dyslipidemia All survivors, but especially those with
known cardiac dysfunction and with
radiation to the heart, head or neck

†
Radiation therapy that potentially included the heart in the treatment field.

‡
E/A ratio, peak early-to-peak late filling of the LV during diastole.

E/A ratio: Ratio between early and late ventricular filling velocity; LV: Left ventricle; RNA: Radionuclide ventriculography.

Adapted from [37], with permission from John Wiley and Sons Inc.
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