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Exercise on the Mitigation of Anthracycline-Associated Cardiotoxic Effects in Pediatric Cancer  

Survivors: A Review 

Douglas Keen, Ph.D., Danny A. Vazquez, Jr. 

ABSTRACT 

Anthracyclines are highly effective antineoplastic agents limited in effectiveness primarily by late onset 

cardiomyopathy that increases in prevalence in a dose-dependent manner. They are commonly used in 

the treatment of pediatric cancers. As pediatric cancer survivors not only increase in number but also 

experience increased longevity, treatment of this cardiomyopathy has become increasingly important. 

Symptoms of anthracycline-related cardiotoxicity are commonly treatable with exercise outside of the 

unique context of pediatric cancers. In this review, 9 studies were examined to see if exercise is 

beneficial in attenuating anthracycline-associated cardiotoxicity in pediatric cancer survivors. Results are 

inconclusive, as no studies exist that have looked at the effects of exercise on the anthracycline-

associated left ventricular remodeling pathology in humans. Despite this, exercise is beneficial in 

attenuating symptoms of this pathology (decreased VO2 max, etc.), and animal models show that 

exercise preconditioning and exercise during treatment bestow cardioprotective properties that 

partially or completely attenuate pathologies in these models in the short-term. Ultimately, exercise 

may be beneficial in treating this pathology, but more comprehensive studies and interventions must be 

implemented.

INTRODUCTION 

Health outcomes for pediatric cancer patients 

have improved markedly over the past 25 years, 

with 5-year survival rates increasing from under 

60% to over 80% [1]. This improvement in 

survivability has resulted in a large increase in 

the number of adult pediatric cancer survivors. 

It is estimated that there are 270,000 pediatric 

cancer survivors in the U.S., and that 1 in every 

640 young adults is a childhood cancer survivor 

[2].  

As survivors reach adulthood, the long-term, 

adverse health effects of their treatments 

become apparent. As many as 88% of survivors 

develop treatment-related late effects at 30 

years after treatment [3,4]. Of great importance 

is anthracycline-associated cardiotoxicity, as 

about 40% to 50% of pediatric cancer survivors 

were treated using anthracycline-containing 

chemotherapy [5].  

Anthracyclines are a highly versatile and 

effective class of chemotherapeutic compounds 

used in the treatment of pediatric leukemias, 

lymphomas, bone and soft tissue sarcomas, and 

embryonal tumors [6]. Their efficacy is limited 

primarily by their cardiotoxicity. Acute 

complications are rare in patients, affecting less 

than 1% of patients [5]. Cardiotoxicity typically 

manifests in long-term complications, the 

severity of which increases in a dose-dependent 

manner and becomes clinically significant at 

cumulative doses above 300 mg/m2. At these 

levels, the risk of congestive heart failure 

increases by 11-fold [7]. Despite this, 

asymptomatic cardiac dysfunction is seen even 

below 300 mg/m2 [8], with clinically significant 

cardiac deterioration detectable at doses above 

250 mg/m2 [9] that typically presents with 

thinning of the left ventricular wall, elevated 

afterload, and decreased VO2 max [5,8,10,11]. 



While the mechanisms behind anthracycline 

chemotherapeutics and cardiotoxicity are not 

entirely understood, chemotherapeutic effects 

seem to be the result of multiple factors [12]. 

Similarly, causes of cardiotoxicity seem to be 

multifactorial. The most supported hypotheses 

involve anthracycline-generated free radicals, 

lipid peroxidation by free radicals, disruption of 

ion gradients from membrane peroxidation, and 

apoptosis [12,13]. These hypotheses implicate 

the mitochondria as a central location for 

cardiotoxic mechanisms. 

Many of the detrimental effects resulting from 

anthracycline-associated chemotherapy display 

potential for remediation outside of the context 

of pediatric oncology. Studies suggest that 

antioxidant enzyme activity increases with 

exercise [14-16]. Additionally, exercise 

increases mitochondrial turnover through 

biogenesis and autophagy [14]. It is also 

commonly understood that exercise increases 

VO2 max, a reliable indicator of aerobic fitness, 

and that exercise is therapeutically beneficial in 

the treatment of cardiovascular diseases in 

adults and youth [17-20]. This literature review 

thus seeks to determine if exercise during and 

after chemotherapy is useful in attenuating the 

late cardiotoxic effects of anthracycline 

chemotherapy. 

RESULTS 

EFFECTS OF EXERCISE ON PEDIATRIC CANCER 

SURVIVORS 

Many of the exercise programs and 

interventions examined in this review look at a 

variety of parameters, ranging from flexibility to 

blood ion and hormone levels. This review seeks 

to examine only parameters related to 

cardiovascular fitness, with a focus on 

parameters related to aerobic capacity. Results 

are varied between reviews, but show a trend 

toward exercise as beneficial in the attenuation 

of anthracycline-related cardiotoxicity. 

In an intervention reported by Keats and Culos-

Reed, adolescent survivors of pediatric cancers 

participated in a 16-week program designed to 

increase physical activity with exercise training 

and education. The study resulted in significant 

increases in physical activity during the 

intervention. These increases, however, were 

not maintained when participants were 

interviewed at 3 and 12 months after the 

intervention. Aerobic fitness, as measured by a 

1-mile walk/run, increased significantly in the 

first 8 weeks of the program. This, however, 

was not maintained through the entire 

intervention, as study participants had slower 

overall 1-mile walk/run times at the end of the 

program than at the start. Ultimately, increased 

physical activity was not correlated with 

increased physical fitness in pediatric cancer 

survivors [21]. 

In another intervention reported by Marchese 

et al. children undergoing maintenance therapy 

for acute lymphoblastic leukemia (ALL) 

underwent a 4-month physical therapy 

intervention with activities selected based on 

each individual child’s preferences. Physical 

fitness, as measured by a 9-minute run/walk, 

was not significantly improved in the 

intervention group relative to the control group 

after the 4-month program [22]. 

While these two studies showed no significant 

changes related to cardiovascular parameters, 

Taskinen et al. reported more promising results 

when observing differences in physical 

performance between ALL survivors without 

stem cell transplantation (SCT), ALL survivors 

with SCT, and a control group using six tests. 

Among these tests, a shuttle-run was used to 



measure aerobic capacity. The study reported 

that the performance of ALL survivors without 

SCT did not differ significantly from that of 

healthy controls. Additionally, the performance 

of ALL survivors who exercised more than 3 

times per week was significantly greater than 

the performance of other ALL survivors [23]. 

In a much longer, home-based exercise and 

nutritional education intervention spanning 12 

months, Moyer-Mileur et al. reported 

significant differences in physical activity 

minutes and PACER laps (Progressive Aerobic 

Cardiovascular Endurance Run) between ALL 

patients in the exercise and control group at the 

end of the intervention. According to the study, 

the PACER test is reliably correlated with VO2 

max. The intervention group did not have a 

strict exercise protocol, but instead had 

individually tailored exercise regimens for each 

participant. No significant differences were 

reported for nutrient intake between the two 

groups, which was attributed to the fact that all 

cancer patients receive nutritional counseling 

when beginning treatments. Thus, increased 

aerobic fitness as measured by the PACER test 

was correlated with increased physical fitness 

[24]. 

While both Taskinen et al. and Moyer-Mileur et 

al. reported significant differences in aerobic 

capacity as measured by exercises, Jarvela et al. 

is one of two studies to directly measure the 

effect of an exercise intervention on VO2 max. 

In a 16-week home-based exercise program for 

long-term ALL survivors, study participants 

experienced a statistically significant 5% 

increase in VO2 max. Study participants were 

diagnosed at least 10 years prior to the study, 

and were all given the same set of exercises to 

perform. No control group was present [25]. 

Lastly, San Juan et al. measured the effects of a 

16-week, in-hospital exercise training program 

followed by a 20-week detraining period on 

various fitness parameters in children being 

treated for ALL, including VO2 max. Significant 

increases in VO2 max were found after the 16-

week exercise training program (24.3 to 30.2 

mL·kg-1·min-1). While VO2 max decreased during 

detraining (to 29.3 mL·kg-1·min-1), it did not 

decrease significantly. Interestingly, the 

increase in VO2 max from before the program to 

after detraining was not found to be significant. 

Despite this, the exercise intervention portion 

of the program did result in significant increases 

in aerobic fitness [26]. 

EFFECTS OF EXERCISE IN ANIMAL MODELS 

A limitation of the human trials reviewed above 

is that they are only able to evaluate changes in 

fitness and do not look at the mechanisms 

behind those changes. In a study performed by 

Dolinsky et al. both aerobic exercise and 

resveratrol were found to attenuate 

doxorubicin-induced cardiac injury in mice. 

Mice remained sedentary, were given 

doxorubicin, were assigned doxorubicin with 

aerobic exercise training, or were given 

doxorubicin with resveratrol. Left ventricular 

function and morphology were evaluated with 

in vivo echocardiography. Following the 

exercise intervention, organs of interest were 

excised for biochemical analysis. Aerobic 

exercise training during doxorubicin treatment 

was found to partially attenuate left ventricular 

remodeling, the hallmark of anthracycline-

related pathology, while resveratrol completely 

attenuated remodeling. Both interventions 

resulted in increased exercise performance. 

Attenuation was associated with reduced levels 

of natriuretic peptide and 4-hydroxy-2-nonenal, 

a lipid peroxidation by-product indicative of 



oxidative stress. Additionally, these results were 

associated with increased expression of cardiac 

calcium transporters and antioxidant enzymes, 

among other proteins [27]. 

In another study performed by Hydock et al. the 

effects of exercise preconditioning on long-term 

cardioprotection were evaluated. 10 weeks of 

progressive treadmill training protocol or 

voluntary wheel running prior to doxorubicin 

administration significantly attenuated changes 

in fractional shortening, heart valve blood flow 

velocity, and left ventricular pressure 

development in rats 4 weeks after doxorubicin 

administration. Rats in the exercise groups were 

compared with sedentary rats. Attentuation 

was associated with preserved myosin heavy 

chain but not the preservation of cardiac 

calcium transporters [28]. 

A final study by Wonders et al. examined the 

effects of acute exercise on mitigating 

doxorubicin-induced cardiotoxicity. A 60-minute 

bout of exercise 24 hours prior to doxorubicin 

administration significantly attenuated 

decreases in end-systolic pressure, left 

ventricular pressure development, and the rate 

of pressure development 5 days after 

doxorubicin administration. The exercise group 

with doxorubicin had similar lipid peroxidation 

levels as the sedentary group without 

doxorubicin [29].  

CONCLUSION 

Historically, cancer survivors have been told to 

avoid certain types of exercise, namely 

isometric exercise such as resistance training. 

This, among other factors, is believed to 

contribute to a relatively sedentary cancer 

survivor population [30]. A study by Bertorello 

et al. concluded, however, that at least 5 years 

after treatment, the late effects of 

anthracycline-related cardiotoxicity are not so 

great as to prevent survivors of cancer from 

participating in competitive sports. The authors 

further conclude that physical activity is not 

contraindicated and should be promoted in 

survivors of pediatric cancers [31]. When 

combined with the results from the six human 

studies reviewed in this paper, it is clear that 

physical activity should not be discouraged in 

pediatric cancer survivors. 

The effects of exercise presented in the 

reviewed studies are varied. The first two 

studies by Keats and Culos-Reed, and Marchese 

et al. reported no significant changes in the 

cardiovascular parameters of pediatric cancer 

survivors due to exercise. The other four studies, 

however, did report significant changes in 

cardiovascular parameters associated with 

exercise. Thus, a weak trend toward exercise as 

beneficial in attenuating anthracycline-related 

cardiotoxicity is seen, with results suggesting 

that exercise is beneficial in increasing aerobic 

capacity as evidenced by increases in the 

performance of aerobic activities (run tests) or 

VO2 max. Interestingly, in the study performed 

by Taskinen et al. the performance of ALL 

survivors was not statistically different from 

that of healthy controls. Despite this, ALL 

survivors who exercised at least 3 times per 

week performed significantly better than those 

that did not, demonstrating that exercise has 

significant benefits for ALL survivors that can 

allow them to perform at a level similar to 

healthy peers [23]. These studies demonstrate 

that exercise is possible beginning in the 

maintenance phase of chemotherapy. Future 

studies should seek to find out if exercise is 

possible and beneficial in earlier phases of 

chemotherapy or even prior to chemotherapy 

with exercise preconditioning. 



These studies, however, have many limitations. 

Among the most prominent limitations is that 

all studies had a small sample size, ranging from 

7 to 45 ALL patients. While a larger sample of 

participants would be ideal, it is unlikely that 

studies with large amounts of participants are 

currently possible. Although the amount of 

pediatric cancer survivors is increasing due to 

improvements in treatments, the incidence of 

pediatric cancer is still relatively low. 

Additionally, not all pediatric cancer patients 

are treated with anthracyclines. The small size 

of this population of survivors alone makes it 

difficult to conduct large-scale studies. 

It is also difficult to determine whether exercise 

is truly effective in mitigating the cardiotoxic 

effects of anthracyclines. The studies reviewed 

here merely look at aerobic capacity in pediatric 

cancer patients and survivors, and do not look 

at the underlying pathology of anthracycline-

related cardiac injury that is characterized by 

left ventricular remodeling. To date, it does not 

seem that there is a single study that examines 

the effects of exercise on the underlying 

pathology induced by anthracyclines. Such a 

study would be immensely beneficial in 

determining whether exercise can attenuate 

anthracycline cardiotoxicity in humans.  

Moreover, the studies reviewed on mice have 

shown that exercise prior to and during 

chemotherapy can completely or partially 

attenuate anthracycline-associated pathology in 

the short-term [27-29]. A literature review 

conducted by Ascensão et al supports these 

studies by showing that exercise in rats 

attenuates cellular and mitochondrial changes 

induced by anthracyclines [15]. Although these 

studies examined the short-term changes in 

mice, these studies provide reason to believe 

that exercise could have similar effects on 

pediatric cancer survivors in their long-term 

treatment. The implementation of such a study 

in humans could provide great insight into a 

potential treatment for anthracycline-related 

cardiotoxicity. In such a study, diagnostic 

techniques could be used to detect differences 

between exercise and control groups. For 

example, one study showed that data obtained 

from cardiovascular magnetic resonance (CMR) 

could be correlated with the negative effects of 

anthracycline-induced cardiotoxicity [32]. EKGs 

could also be useful [6]. 

Lastly, it is important to look at the quality of 

the interventions reviewed.  3 of the 6 studies 

reviewed lacked a control group and simply 

compared results before and after the 

interventions, diminishing the validity of their 

results. As was mentioned earlier, none of the 

studies investigated the specific effects of 

exercise on the anthracycline pathology. Even 

more importantly, 4 out of the 6 studies used 

aerobic tests (PACER, walk/run, shuttle run) to 

evaluate aerobic capacity, which makes it 

difficult to say that all patients were performing 

at maximal aerobic capacity. If patients are not 

performing at their maximal capacity, the 

results presented give limited insight into the 

true effects of exercise.  

Interventions also have varying efficacy in 

design. In an intervention not reviewed here, 4 

out of 9 intervention participants were able to 

complete the program assigned by the study 

coordinators. 5 of these 9 said that the program 

was too demanding [33]. If dealing with a 

pediatric population, it is important to design 

an intervention that is tailored to that group. 

While the use of the aerobic tests is less ideal 

than a direct measure of VO2 max, aerobic tests 

may provide pediatric study participants with a 

suitable intervention. 



Ultimately, the interventions reviewed cannot 

provide conclusive evidence as to whether 

exercise can attenuate anthracycline-induced 

cardiotoxic pathologies. Evidence, however, 

indicates that exercise is beneficial in treating 

symptoms of this pathology (decreased VO2 

max, etc.). Animal models indicate that exercise 

preconditioning and exercise during treatment 

are useful in attenuating the short-term 

development of this pathology through the 

modulation of mitochondrial and cellular 

changes caused by anthracyclines. These 

studies provide an avenue for future research in 

human trials. 
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