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1
BACKGROUND
In 2009 523 children aged between 0-17 years were diagnosed with cancer in the 

Netherlands.1 The characteristics of childhood malignancies differ greatly from those in 

adults. Childhood leukaemia (predominately acute lymphoblastic leukaemia), central 

nervous system tumours and lymphoma are the most common cancers in children. Boys 

are more often affected than girls.1 Major advances in medical and supportive care have 

contributed to a growing population of (young adult) childhood cancer survivors.2 With 

5-year overall survival approaching 80%, most children diagnosed with cancer today are 

expected to become long-term survivors.3 It is estimated that currently in the United States 

one in every 250 young adult between 15 and 45 is a survivor of childhood cancer.4 

However, improved prognosis has been accompanied by long-term health problems due 

to cancer treatment. Approximately 3 out of 4 survivors experience one or more adverse 

events.5,6 Cardiovascular disease is among the most important adverse events, causing 

long-term morbidity and early mortality.5-13 Several population-based studies observed a 

6- to 8-fold increased mortality due to cardiovascular disease among childhood cancer 

survivors compared to the general population.7,9-12 Anthracycline- and radiation-induced 

cardiac disease are recognized as important long-term complications after childhood 

cancer.5,6 Anthracyclines are among the most effective anti-neoplastic drugs for cancer and 

are still widely used in nearly 60% of childhood cancer patients. The use of radiotherapy as 

part of childhood cancer treatment has decreased over time.

Anthracycline-induced cardiotoxicity
Anthracyclines have gained wide-spread use in the treatment of both childhood and adult 

malignancies. Nearly 60% of childhood cancer patients are treated with anthracyclines. 

These anti-neoplastic agents express their anticancer effects through two major 

mechanisms: (1) their intercalation between base pairs of DNA prevents cancer cells from 

replicating and (2) their inhibition of topoisomerase-II activity prevents the uncoiling 

process of DNA that is necessary for replication and transcription.  However, the specific 

mechanisms of anthracycline cardiotoxicity are complex and, despite decades of research, 

largely remain unclear. The oxidative stress hypothesis is among the most widely studied 

and accepted cellular mechanism thought to cause cardiotoxicity.14-20

Anthracycline-induced cardiotoxicity can become manifest as either asymptomatic cardiac 

dysfunction21 or clinical heart failure.22 Asymptomatic cardiac dysfunction is characterized 

by subclinical cardiac abnormalities detected with various diagnostic methods, like 

echocardiography or MUGA.21 According to the time of presentation, anthracycline-

induced cardiotoxicity can be divided into early and late-onset cardiotoxicity.23,24 Early 

or acute cardiotoxicity is cardiac damage that develops during anthracycline therapy or in 
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the first year after. Late or chronic cardiotoxicity manifests itself thereafter.21,23 However, 

although widely used, this distinction between early and late cardiotoxicity is probably 

artificial, as damage caused by anthracyclines may well start with the first dose.25

Several studies have evaluated the cumulative incidence of symptomatic clinical heart 

failure after treatment for childhood cancer. The reported frequencies of clinical heart 

failure varied between 0 and 16%, depending upon size of study population, follow-up 

period, attained age and completeness of follow-up.8,13,21,26,27 The reported frequencies 

for asymptomatic cardiac dysfunction varied even wider, cumulative incidences up to 57% 

have been reported,28,29  depending on the study population, attained age, duration 

and completeness of follow-up, and also outcome definitions and detection methods 

used.26,29-33

A variety of risk factors for both symptomatic and asymptomatic anthracycline-induced 

cardiac dysfunction have been identified, although not univocal in all studies. Suspected 

risk factors for anthracycline-induced cardiotoxicity are higher cumulative dose and type of 

anthracycline, concomitant cardiac irradiation, age at diagnosis, follow-up time and female 

sex.27 However, results are not consistent across studies.26,29-33 Furthermore, the impact 

of other potentially cardiotoxic drugs, like (high-dose) cyclophosphamide, (high-dose) 

ifosfamide, cisplatin and vincristine, has not been examined in large studies.34-36 

Although appropriate follow-up studies are lacking, the risk of developing anthracycline-

induced cardiotoxicity seems to increase with a longer follow-up period.8,13,26,33 Survivors 

of childhood cancer with asymptomatic anthracycline-induced cardiac dysfunction are 

expected to be at greater risk of developing clinical cardiac dysfunction, mainly based on 

the findings in adult patients with subclinical cardiac dysfunction, caused by other diseases 

than anthracyclines, who progress to overt clinical heart failure.37,38 There are only a 

few studies in survivors, e.g. Lipshultz et al21 showed that cardiac abnormalities were 

persistent and progressive over time in ALL survivors. Furthermore, genetic susceptibility 

might play a role in developing anthracycline-induced cardiotoxicity. Recently some studies 

assessing a possible association between genetic factors and anthracycline-induced 

cardiotoxicity have been published.39-43 Finally, the risk of triggering the development of 

cardiac dysfunction during or shortly after excess cardiac stress associated with pregnancy 

and delivery, or other sources of cardiovascular stress such as extreme sports or surgery is 

not well known.23,44,45

Another important issue is whether primary prevention, i.e. any cardioprotective 

intervention during anthracycline therapy could selectively decrease the cardiac damage 

caused by anthracyclines without compromising tumour efficacy and survival, and without 

additional side-effects. Methods of primary prevention are: (1) avoiding the use of 

anthracyclines or reducing the cumulative dose of anthracyclines, (2) the use of potentially 

less cardiotoxic anthracyclines derivates, liposomal anthracyclines, or anthracenediones 

(mitoxantrone), (3) reducing the peak dose of anthracyclines (4) the use of cardioprotective 

agents, like dexrazoxane. 
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Radiation-induced cardiotoxicity
Radiotherapy has been an important part of treatment for childhood cancer. In 5-year 

survivors of childhood cancer, treated between 1966 and 1996 about half of the patients 

had received some form of radiotherapy.5 Radiotherapy damages the DNA of exposed 

tissue, causing cell death by this process. However, normal tissue may also be affected by 

the radiotherapy. Exposure of the heart as part of irradiation to thoracic, abdominal, total 

body, or spinal irradiation can adversely alter several structures of the heart, including 

the pericardium, myocardium, valves, conduction system and coronary arteries.46-49 

Radiotherapy is thought to damage the myocardium in different ways. First, it causes 

diffuse interstitial fibrosis with only small lesions, almost never in the whole myocardium 

at once. Second, it damages the microcirculation and thirdly, it can obstruct cell growth 

and differentiation. The obstruction of the small vessels causes a neutrophilic infiltration 

in all the layers of the heart, causing premature atherosclerosis, thrombi forming, and 

cell death by ischemia.46-49 With regard to treatment effects on cardiovascular disease it 

is important to consider that normal cardiac development is completed by six months of 

postnatal age. In cases of cardiac damage beyond the age of 6 months, myocytes can only 

be replaced by fibrosis. The pathophysiology of the increased incidence of valvular disease 

is not well understood and cannot be explained as a result of microvascular damage like in 

the coronary arteries, because the heart valves are avascular.49 Most probably, irradiation 

injures the valves in a way that the cusps or leaflets of the valves thicken, become fibrotic 

and on occasion partially calcify. Similarly, the chordae tendineae, which control valve leaflet 

movements, become fibrotic and shorten. The valves that are unable to close completely 

permit the leakage of blood in a retrograde fashion, producing regurgitation murmurs. 

Sometimes, the valve orifice is narrowed simultaneously by fibrosis, thus impeding blood 

flow and producing a murmur of stenosis.49-53

Radiation-induced cardiovascular disease includes a wide spectrum of asymptomatic and 

symptomatic cardiac pathologies; pericarditis, cardiac dysfunction, coronary artery disease, 

valvular disease, conduction disorders, autonomic dysfunction and vascular disease.49 So 

far, published studies examining the effects of radiotherapy involving the heart region 

show a wide range of risk estimates for various cardiovascular disease outcomes after 

treatment for childhood cancer depending upon several variables including the end point 

measured, time post completion of therapy, radiation techniques and dosing. The reported 

frequencies of cardiovascular disease vary from 0 to 22.8%.54-56 Studies focussing 

on cardiac mortality after radiotherapy involving the heart region found a significantly 

increased standardised mortality ratio; a 22- to 68-fold increase compared to the general 

population.23,55-57 The majority of studies that evaluated cardiac radiation toxicity 

focussed on Hodgkin’s lymphoma survivors, had small sample sizes, differed in used 

outcome measure and follow-up time. Although, there is only a limited number of studies 

evaluating cardiotoxicity in these subgroups, patients treated with lung irradiation for solid 
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tumours such as Ewing’s sarcoma or nephroblastoma can also experience an increased 

risk for cardiac disease.26,58 Various risk factors, such as higher total radiation dose, higher 

fractionation dose, increased volume of the heart exposed, younger age at diagnosis, 

longer follow-up time, type of radiation source, concomitant cardiotoxic chemotherapy, 

and other risk factors for cardiovascular disease (e.g., smoking, obesity, unfavourable lipid 

profile) have been suggested to affect the risk and type of radiation-induced cardiovascular 

disease.49 Furthermore, although large prospective longitudinal studies are missing, the 

risk of developing cardiovascular disease after radiotherapy involving the heart region 

is expected to be life-long risk and can occur years after treatment. It is important to 

realize that radiation techniques have changed considerably over the years, resulting in less 

healthy tissue exposed. Although these changes are expected to decrease cardiotoxicity, 

those survivors of childhood cancer should be followed carefully, to see whether these 

improvement in radiation techniques indeed result in less long term adverse effects.

Monitoring of cardiotoxicity
Serial monitoring of cardiac function during and after anthracycline treatment could 

help to identify patients at risk for developing anthracycline-induced cardiotoxicity, 

which could lead to adjustment of anthracyclines during treatment, to counselling of 

childhood cancer survivors regarding life-style and general cardiovascular risk factors or 

possible treatment of anthracycline-induced cardiotoxicity both during and long after 

treatment.59 Monitoring of cardiac function during anthracycline-therapy is mainly based 

on the treatment protocol, there are no general guidelines. Monitoring of cardiac function 

and other cardiac abnormalities during treatment with radiotherapy involving the heart 

region is not common. For monitoring of cardiac function and conduction disorders after 

treatment with anthracyclines and/or radiotherapy involving the heart region in survivors 

of childhood cancer, there are national and international accepted guidelines, which are 

updated regularly. At the end of this thesis, we will summarize the Dutch nationwide 

cardiac screening guideline for survivors of childhood cancer.

Long-term follow-up clinic and research
In 1996, the Emma Children’s Hospital/Academic Medical Centre (EKZ/AMC), Amsterdam, 

The Netherlands, started the first outpatient clinic for the assessment of late effects 

of treatment for childhood cancer. Since 1966 all children diagnosed with cancer have 

been registered in the hospital-based Childhood Cancer Registry of the EKZ/AMC, which 

maintains data on diagnosis, treatment and follow-up. This registry was used to track 

and trace all 5-year survivors of childhood cancer treated since 1966. Between 1966 

14



Chapter

1
and 1996, 2596 patients were diagnosed with childhood cancer in the EKZ/AMC. Of 

those, 1362 survived their malignancy for at least 5-years and formed the first cohort 

of the EKZ/AMC that was invited to visit the late effects outpatient clinic.5 They were 

enrolled into prospective follow-up protocols tailored to previous diagnosis and treatment. 

These protocols were developed by health care professionals based on consensus. The 

participating survivors gave informed consent for data collection. The general inclusion 

criteria for entering the study cohort were: (1) age of childhood cancer diagnosis <18 

years, (2) primary cancer diagnosis between 1966 an 1996, (3) primary treatment in the 

EKZ/AMC, and (4) survived at least 5-years after cancer diagnosis.

The ever-expanding cohort of 5-year survivors of the EKZ/AMC does not only offer a unique 

opportunity to provide excellent survivor care, but also to conduct (clinical) scientific research 

into the occurrence of treatment-related late effects and associated risk factors taking 

advantage of our complete data on treatment and near complete long-term follow-up. 

Aims and research questions of this thesis
The general aim of the present studies was to evaluate the long-term risks of cardiovascular 

disease, both symptomatic and asymptomatic and associated risk-factors in 5-year survivors 

of childhood cancer. Based on the existing knowledge described in the introduction above, 

we identified gaps in knowledge about cardiotoxicity after treatment for childhood cancer. 

We formulated research questions focusing on these gaps. The answers to these research 

questions are presented in this thesis. In part I we summarized the existing evidence and 

quality of the available evidence. We focused on the following research questions:

1. What is the existing evidence on the risk and associated risk factors for developing 

asymptomatic left ventricular dysfunction after treatment with anthracyclines in 

survivors of childhood cancer?

2. What is the existing evidence on the risk and associated risk factors for developing 

(a)symptomatic left ventricular dysfunction and other (a)symptomatic cardiovascular 

diseases like arrhythmias, ischemia and valvular disease after treatment with 

mitoxantrone in survivors of childhood cancer?

3. What is the existing evidence on the risk and associated risk factors for developing 

(a)symptomatic left ventricular dysfunction and other (a)symptomatic cardiovascular 

diseases like arrhythmias, ischemia and valvular disease after radiotherapy involving 

the heart region in survivors of childhood cancer?
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4. What is the existing evidence on primary prevention different dose schedules of 

anthracyclines as a feasible and effective approach to diminish the risk of developing 

(late) cardiotoxicity after treatment with anthracyclines for (childhood) cancer?

After summarizing and appraising the existing evidence, in part II we formulated another 

four research questions focusing on the gaps of knowledge to investigate in our cohort of 

5-year survivors of childhood cancer:

5. What are the risk and associated risk factors for developing asymptomatic left 

ventricular dysfunction after treatment with anthracyclines, radiotherapy involving 

the heart region an/or other chemotherapy like cyclophosphamide, ifosfamide, 

vincristine in survivors of childhood cancer?

6. What are the risk and associated risk factors for developing valvular disease after 

radiotherapy involving the heart region in survivors of childhood cancer?

7. What are the risk and associated risk factors for developing symptomatic cardiac 

events defined as congestive heart failure, arrhythmias, ischemia and valvular 

disease after treatment in survivors of childhood cancer?

8. What are the risk and associated risk factors for triggering the development of 

cardiac dysfunction during or shortly after excess cardiac stress associated with 

pregnancy and delivery in female survivors of childhood cancer treated with 

anthracyclines?
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OUTLINE OF THIS THESIS
After the general introduction (chapter 1) this thesis reports in Part I on the current 

knowledge of cardiovascular disease after treatment for childhood cancer, by presenting 

the results of three systematic reviews and one Cochrane systematic review on this 

subject. Chapter 2 reports on a systematic review of the frequency and associated risk 

factors of asymptomatic cardiotoxicity after anthracycline therapy in children treated for 

childhood cancer. Chapter 3 presents the results of a systematic review on the cumulative 

incidence and risk factors of mitoxantrone-induced cardiotoxicity, both asymptomatic and 

symptomatic, during and after treatment for childhood cancer. Chapter 4 describes the risk 

of morbidity and mortality from cardiovascular disease following radiotherapy involving the 

heart region for childhood cancer. In chapter 5 we describe a Cochrane systematic review 

on different anthracycline dosage schedules (infusion duration and anthracycline peak 

dose) for reducing cardiotoxicity in cancer patients receiving anthracycline chemotherapy.

Part II contains the results of 4 cohort studies performed in our EKZ/AMC cohort of 

5-year survivors of childhood cancer. First, in chapter 6, we evaluate the prevalence of 

asymptomatic echocardiographic left ventricular dysfunction and associated risk factors in 

a large cohort of long-term childhood cancer survivors treated with different potentially 

cardiotoxic therapies. Chapter 7 describes the prevalence of echocardiographic valvular 

disease after radiotherapy involving the heart region and/or treatment with anthracyclines, 

and associated risk factors in our cohort of 5-year childhood cancer survivors. In the study 

reported in chapter 8, we evaluate the risk and associated risk factors of developing 

symptomatic cardiac events after treatment for childhood cancer in our complete cohort 

of 5-year survivors. Chapter 9 presents the results of a cohort study on the cumulative 

incidence and associated risk factors for peripartum anthracycline-induced clinical heart 

failure in a cohort of female childhood cancer survivors.

Finally, in chapter 10 a summary, main conclusions and discussion with regard to the 

different research questions are presented, together with recommendations for future 

research and clinical practice. A summary in Dutch concludes this thesis. 
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