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1H E A RT  FA I L U R E  I N  C H I L D H O O D  C A N C E R  S U RV I VO R S 
Approximately 300,000 children are diagnosed with cancer globally each year.(1) Due to 

improvements in the early diagnosis, treatment and supportive care of children with cancer, five-year 

survival has increased from 60% in the mid-1970s to more than 80% in current treatment eras.(2) 

This growing group of childhood cancer survivors face a high risk of treatment-related long-term 

adverse health effects.(3) Cardiac disease is one of the most important adverse health effects in 

this population and can manifest as heart failure due to left ventricular systolic dysfunction, but 

also as valvular disease, coronary artery disease, pericardial disease and arrhythmias.(4, 5) In this 

thesis, we focus on heart failure and left ventricular dysfunction in long-term childhood cancer 

survivors. The elevated risk of heart failure is mainly the result of treatment with anthracyclines, 

mitoxantrone and/or radiotherapy with the heart in the radiation field, which continue to be used 

in current childhood cancer treatment regimens.(6, 7, 8) Almost 11% of survivors exposed to these 

cardiotoxic agents will develop heart failure within 40 years from cancer diagnosis compared to 0.3% 

of survivors treated with other chemotherapy agents or with surgery.(7) Moreover, cardiovascular 

mortality is the leading non-cancer cause of death in childhood cancer survivors.(9) Part I, Chapter 

2 of this thesis provides a broad overview of the literature on cardiac disease in childhood cancer 

survivors, including risk factors, risk prediction and prevention.

C A R D I AC  S U RV E I L L A N C E  I N  C H I L D H O O D  C A N C E R 
S U RV I VO R S
Heart failure is typically preceded by an asymptomatic phase during which abnormalities in cardiac 

function are present.(10) The goal of surveillance is to detect these asymptomatic abnormalities in 

order to start treatment early and prevent progression to heart failure. To date, there is no direct 

evidence in childhood cancer survivors showing that treatment of asymptomatic abnormalities 

can prevent or delay the onset of heart failure. However, there is evidence that treatment with 

angiotensin converting enzyme inhibitors is effective to prevent heart failure in patients with 

asymptomatic left ventricular dysfunction after myocardial infarction(11) and in patients with 

asymptomatic severe left ventricular dysfunction selected from outpatient cardiology clinics.

(12) Thus, early detection and treatment of asymptomatic cardiac dysfunction appears to be 

beneficial. The current cardiomyopathy surveillance guideline from the International Late Effects of 

Childhood Cancer Guideline Harmonization Group (IGHG) published in 2015 recommends life-long 

echocardiographic surveillance in all childhood cancer survivors treated with anthracyclines, 

mitoxantrone and/or chest-directed radiotherapy with surveillance frequency ranging from every 

2 to every 5 years depending on cumulative anthracycline, mitoxantrone and chest-directed 

radiotherapy doses.(4) 

Using cancer treatments only for risk stratification, as recommended by the IGHG guideline, 

assumes that the risk of heart failure is constant over time while it might be more realistic, as 

survivors age, to update risk stratification based on cardiac function measurements obtained 

during surveillance. In the Framingham Heart Study, the presence and severity of asymptomatic 

left ventricular dysfunction was a strong predictor for the development of heart failure among 
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adults in the community.(13, 14) This suggest it is meaningful to look at the extent of left ventricular 

dysfunction from cardiac surveillance data in childhood cancer survivors. In Chapter 3 of this thesis, 

we therefore studied the prognostic implications of asymptomatic left ventricular dysfunction 

next to anthracycline and radiotherapy doses for developing a therapeutically meaningful further 

decline in cardiac function. 

B LO O D  B I O M A R K E R S  F O R  D E T E C T I O N  O F 
A SYM P TO M AT I C  C A R D I AC  DY S F U N C T I O N  
I N  C H I L D H O O D  C A N C E R  S U RV I VO R S 
A blood biomarker with high sensitivity and high negative predictive value could be used as a triage 

test before conducting a surveillance echocardiogram to rule-out cardiac dysfunction in a subset 

of survivors in whom an echocardiogram can safely be postponed to the next surveillance time 

point. Also, a blood biomarker with high specificity and high positive predictive value could be used 

to rule-in cardiac dysfunction in survivors with a borderline abnormal result on echocardiography. 

At present, it is unclear what role blood biomarkers may have in the detection of asymptomatic 

cardiac dysfunction in childhood cancer survivors. Of the few studies performed in childhood 

cancer survivors, natriuretic peptides(15, 16, 17, 18, 19) and cardiac troponins(15, 18, 19) are the most 

frequently studied. 

Natriuretic peptides

Brain natriuretic peptide (BNP) and N-terminal pro B-type natriuretic peptide (NT-proBNP) are 

markers for increased cardiac wall tension that are widely used in the screening for heart failure 

in different settings, especially for rule-out.(20, 21, 22) In primary care, a NT-proBNP <125 ng/L is 

used to rule-out heart failure in patients suspected of having chronic heart failure on the basis of 

signs, symptoms and the electrocardiogram.(20) In dyspneic patients presenting at the emergency 

department, a NT-proBNP <300 ng/L excludes the presence of acute heart failure with high 

negative predictive value.(21, 22) Next to its use in the diagnosis of heart failure, NT-proBNP has also 

been studied for its diagnostic accuracy to detect preclinical cardiac dysfunction. In the general 

population, the diagnostic accuracy of NT-proBNP was better for more severe cardiac dysfunction 

with an area under the curve of 0.94 for detecting a left ventricular ejection fraction <40% compared 

to 0.78 for detecting a left ventricular ejection fraction <50%.(23) In childhood cancer survivors, 

the role of natriuretic peptides to detect asymptomatic cardiac dysfunction is uncertain as 

the performed studies were of limited sample size, used different definitions of cardiac dysfunction, 

did not study optimal biomarker cutoff concentrations for rule-in or rule-out and did not study 

the use of blood biomarkers in combination with clinical characteristics.(15, 16, 17, 18, 19)   

Cardiac troponins

Cardiac troponins are markers for cardiomyocyte injury. As anthracyclines induce cardiomyocyte 

death, cardiac troponin elevations can be measured during or shortly after treatment and are 
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predictive of cardiac dysfunction in pediatric and adult cancer patients.(24, 25) Studies conducted 

in childhood cancer survivors >1 year after anthracycline found detectable troponins in a minority 

of patients.(15, 18, 19) However, most of these studies did not use a highly sensitive cardiac troponin 

assay which may improve diagnostic accuracy for cardiac dysfunction. 

Part II of this thesis and focuses on blood biomarkers to detect cardiac dysfunction in childhood 

cancer survivors. Chapter 4 is a systematic review on the diagnostic accuracy of blood biomarkers 

for detection of cardiac dysfunction in childhood cancer survivors. Chapter 6 describes a study 

on the diagnostic accuracy of NT-proBNP and cardiac troponins in combination with clinical 

characteristics for detection of cardiac dysfunction in childhood cancer survivors utilizing data from 

the Dutch Childhood Cancer Survivor Study (DCCSS LATER). DCCSS LATER is a prospectively designed 

multicenter study in long-term childhood cancer survivors and siblings. The design of the cardiac 

part of DCCSS LATER is described in chapter 5. The following two chapters focus on the identification 

of potential novel biomarkers for anthracycline cardiomyopathy. Chapter 7 is a systematic review 

on extracellular matrix remodeling markers for anthracycline-induced cardiomyopathy in animal 

models. Chapter 8 is a case-control study in the DCCSS LATER cohort on the identification of 

novel candidate plasma biomarkers for anthracycline-related cardiomyopathy from a large set 

of plasma proteins associated with cardiovascular disease, inflammation, tissue damage and 

extracellular matrix remodeling. 

In Part III, Chapter 9, the updated cardiomyopathy surveillance recommendations of 

the International Late Effects of Childhood Cancer Guideline Harmonization Group (IGHG) are 

presented. The IGHG is a collaborative effort to harmonize heterogeneity amongst surveillance 

recommendations from multiple guideline organizations across the globe. The guideline panel 

systematically searched and graded the quality of the available evidence, summarized the available 

evidence and formulated recommendations. Some of the evidence obtained with this thesis 

contributed to this guideline.
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A B S T R AC T 
Cardiac diseases in the growing population of childhood cancer survivors are of major concern. 

Cardiotoxicity as a consequence of anthracyclines, and chest radiotherapy continues to be relevant 

in the modern treatment era. Mitoxantrone has emerged as an important treatment-related risk 

factor and evidence on traditional cardiovascular risk factors in childhood cancer survivors is 

accumulating. International surveillance guidelines have been developed with the aim to detect 

and manage cardiac diseases early and prevent symptomatic disease. There is growing interest in 

risk prediction models to individualize prevention and surveillance. This State-of-the-Art review 

summarizes literature from a systematic PubMed search focused on cardiac diseases after treatment 

for childhood cancer. Here, we discuss the prevalence, risk factors, prevention, risk prediction, and 

surveillance of cardiac diseases in survivors of childhood cancer.

Central illustration. Overview of clinical practice in childhood cancer survivors at risk for cardiotoxicity. 

The prevalence of cardiac diseases, risk prediction models, preventive measures and surveillance recommendations 

are illustrated based on available evidence and promising research topics of cardiotoxicity in childhood cancer 

survivors. Numbers from Siegel et al., 2019(124); Feijen et al., 2019(10) and Armstrong et al., 2013(17). 
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CCS=childhood cancer survivors, chest RT=chest-directed radiotherapy, ECG=electrocardiogram, 
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Childhood Cancer Guideline Harmonization Group, LV=left ventricle, LVEF=left ventricular ejection 

fraction, RCT = randomized controlled trial.
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I N T R O D U C T I O N
The survival of children with cancer has considerably increased over the last decades with 

five-year survival rates currently exceeding 80% (1). However, the long-term health effects in 

the growing population of childhood cancer survivors (CCS) are of major concern (2). Cardiac 

disease, as a consequence of treatment with anthracyclines, mitoxantrone and/or chest-directed 

radiotherapy (chest RT), can manifest as myocardial dysfunction and heart failure but also as valvular 

disease, coronary artery disease, arrhythmias and pericardial disease, depending on the exact  

cardiotoxic agent (3). 

In this state-of-the-art review, we focus on long-term cardiac diseases after treatment for 

childhood cancer. We discuss the prevalence, risk factors, prevention, prediction and surveillance 

of cardiac disease in this population (Central Illustration). We systematically searched PubMed for 

studies that described cardiac adverse events in children treated with cardiotoxic cancer treatments. 

We limited the search to full-text articles written in English and articles published within the last 10 

years. We selected articles with a study cohort of which >50% were treated for childhood cancer 

before the age of 21. For studies describing the prevalence or cumulative incidence of heart failure, 

we reviewed articles with a minimum of 500 CCS; a minimum of 100 CCS was required for the other 

outcomes. Studies on primary prevention strategies were identified from previous Cochrane 

searches (4-6). Based on these criteria, 74 studies were considered to be described in this review 

(Figure 1). The full search strategy is provided in the Supplemental Appendix. 

C A R D I AC  D I S E A S E S  A N D  T R E ATM E N T- R E L AT E D  R I S K 
FAC TO R S  I N  C H I L D H O O D  C A N C E R  S U RV I VO R S
Heart failure

Multiple studies have demonstrated that left ventricular (LV) systolic function deteriorates as 

a result of cardiotoxic treatment (7-15). Anthracyclines are clearly associated with cardiomyocyte 

damage. Although the exact mechanism of anthracycline-induced cardiotoxicity has not been fully 

elucidated, early studies point to cardiotoxicity through reduction–oxidation reaction cycling and 

the generation of reactive oxygen species. More recently, topoisomerase 2β has been proposed to 

be a mediator of doxorubicin-induced cardiac injury (16).

Systolic dysfunction can eventually progress to heart failure. Heart failure is one of the most 

frequent cardiac late effects in CCS (17,18), and contributes to significant morbidity and non-cancer 

related mortality later in life (19,20). A large cohort from the Childhood Cancer Survivor Study 

investigated the occurrence of heart failure, defined by the Common Terminology for Criteria 

Adverse Events grade 3-5. Based on questionnaires in long term CCS,  the reported cumulative 

incidence is 4.8% by 45 years of age (17). These results confirmed earlier reports that anthracyclines 

and chest RT are strongly associated with heart failure (21). Recently, it has been demonstrated 

that even low-to-moderate chest RT doses increase the risk of heart failure substantially (22,23). In 

the Dutch LATER cohort, Feijen et al. reported a cumulative heart failure incidence of 10.6%, 40 years 

after childhood cancer diagnosis in CCS that received cardiotoxic cancer treatment. Interestingly, 

higher exposure to mitoxantrone and cyclophosphamide were suggested as novel treatment-
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Figure 1. Flowchart of study inclusion. Flowchart describing the systematic literature search in PubMed and 

the inclusion of relevant studies.

related risk factors (10). While mitoxantrone has traditionally been classified as an anthracycline, 

it has been suggested that mitoxantrone results in cardiotoxicity through mechanisms different 

from anthracyclines (24,25). Mitoxantrone has a non-linear dose-response relationship with heart 

failure risk (10,26-28), and compared to doxorubicin, mitoxantrone is 10-times more cardiotoxic. 

In addition, a younger age at diagnosis and presence of traditional cardiovascular risk factors may 

play a role in the development of heart failure (29). The influence of sex on the development of 

myocardial dysfunction is still incompletely conclusive (8,9,11,12,30).  
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Coronary artery disease 

The risk of coronary artery disease is substantially increased in CCS. In the Childhood Cancer 

Survivor Study, the cumulative incidence of coronary artery disease by age 45 years was 5.3% in 

survivors with and without exposure to cardiotoxic cancer treatments (31). This risk is dependent 

on chest RT dose with no established safe dose; this risk is also higher in males. The cumulative 

incidence of symptomatic coronary artery disease at age 50 goes up to 20% in males exposed to 

>35Gy (18,32). The St. Jude Lifetime cohort study detected coronary artery disease, based on either 

history, electrocardiogram (ECG) or echocardiography in 3.8% of asymptomatic CCS 22.6 years after 

cardiotoxic therapy (30). However, evidence from (non)invasive coronary angiography is scarce. 

A study evaluating computed tomography in asymptomatic Hodgkin lymphoma CCS aged ≤55 

years (n=31) exposed to chest RT showed coronary artery lesions to be very proximal, placing large 

portions of the myocardium at risk (33). 

Valvular heart disease 

Several studies have investigated valvular abnormalities in CCS (11,17,30,34-36), with a reported 

prevalence of up to 31% (30,34,36). Chest RT has been identified as an important risk factor that 

increases at higher doses (36). Other risk factors are treatment with anthracyclines, hypertension, 

congenital heart disease and younger age at diagnosis, although these have not been uniformly 

demonstrated in all studies (11,30,34). Mild tricuspid regurgitation was most prevalent in two studies 

describing valvular disease, but it is important to note that this is also very common in the general 

population (30,34,37). In lymphoma CCS who were exposed to chest RT, valvular heart disease, 

defined as mild or higher for left sided valves and moderate or higher for right sided valves, was 

most frequently detected in the aortic and mitral valves (36).  Valvular abnormalities after chest RT 

are most likely caused by direct irradiation injury to the valve cusps or leaflets, causing thickening, 

fibrosis, and calcification (30,38). These processes progress with age and increase in prevalence 

over time (30,36). Hence, CCS without echocardiographic abnormalities after a short follow-up 

period are still at risk of severe valvular heart disease.   

Pericardial disease 

Besides paraneoplastic and infectious causes, pericardial disease can arise from chest RT. Late 

constrictive pericarditis, in particular, can lead to disabling symptoms and a poor prognosis (39). 

However, data on pericardial disease in CCS are limited. The Childhood Cancer Survivor Study 

showed a 10-fold higher risk of pericardial disease in all CCS versus siblings (30-year cumulative 

incidence 3.0%) and a dose-response relation with chest RT (18). A single center study in CCS >5 

years after diagnosis (n=1,362; 47% no cardiotoxic therapy), reported symptomatic pericarditis in 

only 2 CCS (18). Although the diagnosis of constrictive pericarditis is difficult by echocardiography, 

thickening of the pericardium as well as hemodynamic consequences (e.g. ‘septal bounce’, 

abnormal respiratory variations in Doppler findings) can be suggestive. Upon high clinical suspicion, 

cardiac computed tomography, magnetic resonance imaging (MRI) and/or invasive hemodynamic 

evaluation may be needed to confirm the diagnosis (40).
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Arrhythmias 

The prevalence of symptomatic cardiac arrhythmias in long term CCS is reportedly low (11,18,31,41). 

In 10,724 CCS, the cumulative incidence of grade 3 to 5 arrhythmia by 45 years of age was 1.3% (31). 

A subsequent study (n= 23,462) demonstrated that chest RT > 35 Gy, anthracycline dose ≥250 mg/m2, 

dyslipidemia and hypertension are risk factors for symptomatic arrhythmia (11). Myocardial fibrosis 

caused by chest RT may contribute to the occurrence of arrhythmias. Other frequently used cancer 

agents for pediatric cancers such as cisplatin, cyclophosphamide and tyrosine kinase inhibitors may 

also be associated with supraventricular and ventricular arrhythmias (42,43). Prolonged QTc interval, 

which has arrhythmogenic potential, has been demonstrated in CCS that received anthracyclines or 

chest RT (44,45). Also, rhythm disturbances like premature ectopic beats and atrioventricular blocks 

have been reported in CCS (46-48). The literature on ECG abnormalities in large cohorts of long 

term CCS is sparse (47,48), data on the use of ambulatory ECG monitoring to define the prevalence 

of brady- and tachyarrhythmias induced by cardiotoxic cancer treatments are needed, but needs to 

be carefully weighed against the burden and clinical relevance.

P R E V E N T I O N  O F  C A R D I AC  D I S E A S E  I N  C H I L D H O O D 
C A N C E R  S U RV I VO R S
Preventive measures for cancer treatment-induced cardiotoxicity 

As the risk of cardiac disease is high in chest RT and anthracycline treated survivors and as omitting 

or diminishing the use of cardiotoxic treatments is not always possible, prevention is critical (49). 

Advanced radiotherapy techniques to minimize exposure to the heart have been developed; 

the impact of those improvements is reflected by the decrease in coronary artery disease in more 

recent treatment eras (11). 

Extensive research has been devoted to the identification of possible cardioprotective 

interventions during anthracycline treatment that do not have negative effects on anti-tumor 

efficacy or other non-cardiac adverse effects. Below we discuss three preventive measures that 

have been studied during anthracycline treatment. We focus primarily on randomized controlled 

trials (RCTs), as they provide the highest level of evidence to answer this type of question. It should 

be kept in mind that due to developmental changes and the differences in the body composition of 

children, data from adults cannot be reliably extrapolated to children (50). 

Dexrazoxane 

Dexrazoxane is one of the most widely investigated cardioprotective pharmacological interventions. 

It has been shown in adult cancer patients to prevent clinical and subclinical cardiac damage (4). 

The few published pediatric RCTs have included participants diagnosed with leukemia, lymphoma 

and sarcoma (51-53). These studies suggest that there are no significant differences in clinical 

heart failure between dexrazoxane and control patients (4,54), although dexrazoxane might have 

a protective effect on asymptomatic cardiotoxicity (54,55). All studies included relatively short-term 

follow-up, and the impact on outcomes after longer follow-up is yet unknown. 
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Currently, dexrazoxane is not routinely used in clinical practice for all children treated with 

anthracyclines. This might be explained by a concern over interference with anti-tumor efficacy 

and the occurrence of secondary malignancies (56). However, high quality evidence to support 

an increased risk of secondary malignancy is lacking. A Cochrane systematic review identified no 

significant differences between treatment groups (4), which is in line with more recently published 

randomized trials (51,54).  

A recently published non-randomized study in pediatric patients with acute myeloid leukemia 

(n=1,014) added important knowledge about the efficacy and adverse effects of continuous use of 

dexrazoxane versus no dexrazoxane. Results demonstrated that after a median follow-up period 

of 3.5 years, cardiac function was preserved with dexrazoxane without negative influence on 

anti-tumor efficacy or non-cardiac toxicities. Importantly, the influence of possible differences in 

cumulative anthracycline dose per treatment group could not be evaluated in this study (57). 

At the moment clear guidance on the use of dexrazoxane is missing. Since it will take many 

years to add relevant knowledge by new RCTs, additional observational studies are needed. 

The International Late Effects of Childhood Cancer Guideline Harmonization Group (IGHG) is 

currently preparing recommendations based on the existing evidence.  

Liposomal anthracyclines 

Another option is to limit drug exposure in healthy tissues such as the heart and increase drug 

activity in malignant cells by altering the tissue distribution, as with liposomal anthracyclines (58). 

Liposomal anthracyclines have shown promising results in adults with breast cancer (5). In a meta-

analysis of two studies, liposomal-encapsulated doxorubicin significantly reduced both clinical and 

subclinical heart failure when compared to the same dose of conventional doxorubicin, without 

negative effects on antitumor-efficacy and without cardiac adverse effects. In one of the studies, 

patients received a higher cumulative anthracycline dose in the liposomal group. However, again 

follow-up was relatively short and we do not know how longer term follow-up will influence 

these results (5). One study compared liposomal-encapsulated doxorubicin to the same dose of 

conventional epirubicin. No significant difference in cardiotoxicity was shown, but that might 

have been the result of inadequate power or a limited follow-up period (5). To our knowledge, 

no pediatric RCTs have been performed, so the benefits and harms of liposomal anthracyclines in 

children remain unclear. High-quality research in children is needed before definitive conclusions 

can be made.  

Infusion duration 

The use of longer anthracycline infusion durations may play a role in primary prevention of 

cardiotoxicity. A Cochrane systematic review compared different anthracycline infusion durations in 

children and adults with cancer (6). An anthracycline infusion duration of six hours or longer seemed 

to reduce the risk of both clinical heart failure and subclinical cardiotoxicity. A clinical practice 

guideline for children treated with anthracyclines has suggested that although it was not possible to 

formulate a recommendation regarding a precise and optimal prolonged infusion duration, the use of 
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an anthracycline infusion duration of at least one hour was strongly recommended (59). Since data in 

children is limited, different anthracycline infusion durations should be evaluated further in children. 

Cardiovascular risk factors and healthy lifestyle 

For both primary and secondary prevention of cardiovascular disease in CCS, management of 

cardiovascular risk factors and counseling on healthy lifestyle are essential, although most evidence 

is still derived from the general population.

Metabolic syndrome 

Hypertension, obesity, dyslipidemia and diabetes, together clustered as metabolic syndrome, are 

well-known risk factors for cardiovascular disease (60). Some CCS are at increased risk to develop 

metabolic syndrome due to previous cancer treatment. Metabolic syndrome has been established 

in 9% of French childhood leukemia survivors and in 32% of the St. Jude Lifetime cohort, at 

median attained ages of 21 to 32 years (61,62). Survivors treated with cranial radiotherapy are at 

risk of developing metabolic syndrome, especially obesity (63). Furthermore, abdominal radiation 

and nephrotoxic treatment may result in the development of cardiovascular risk factors (64,65). 

Hypertension is the most prevalent cardiovascular risk factor in CCS, approaching 40% in survivors 

aged ≥50, versus 26% in siblings (17). The Childhood Cancer Survivor Study (n=10,724) investigated 

cardiovascular risk factors with longitudinal questionnaires and showed that hypertension had 

the strongest association with all cardiac events and mortality, compared to diabetes, dyslipidemia 

and obesity (17). In the St. Jude Lifetime study, hypertension was also the only cardiovascular risk 

factor associated with an abnormal LVEF (7). 

Management of cardiovascular risk factors is essential in all CCS, and particularly in those at risk 

for cardiac disease. No studies have assessed whether more aggressive approaches and treatment 

goals than in the general population are beneficial in CCS with a high lifetime risk of cardiovascular 

disease. Lifestyle interventions may prevent the occurrence of cardiovascular risk factors and 

cardiac disease and may complement pharmacological risk factor modification. 

Healthy lifestyle 

A healthy lifestyle, including cessation and abstinence from smoking, a sufficient level of physical 

activity, a healthy diet and less than moderate alcohol use, may benefit cardiovascular health. It 

may prevent the onset and/or reduce the severity of cardiovascular disease, directly, or indirectly 

by lowering the risk of metabolic syndrome (60). Although the association between lifestyle 

factors and cardiovascular disease has been well established in youth and aging adults (60), there 

are few studies that have examined the association between lifestyle and either cardiovascular 

disease or cardiovascular risk factors in CCS. In the Childhood Cancer Survivor Study, smoking was 

not associated with cardiac events, most likely due to short exposure time and follow-up (17). In 

the St. Jude Lifetime cohort study, CCS who did not meet most of the lifestyle recommendations 

from the World Cancer Research Fund/American Institute for Cancer Research, were more likely to 

have metabolic syndrome than CCS who did meet these recommendations (62). In recent studies 
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in the St. Jude Lifetime cohort, CCS were shown to have substantially less exercise capacity than 

community controls on maximal cardiopulmonary fitness testing in recent studies. Exercise capacity 

was associated with all-cause mortality, cardiac function (global longitudinal strain [GLS], but not 

LVEF), chronotropic incompetence, and worse pulmonary and muscle function (66). Furthermore, 

CCS with lower exercise capacity had more emotional distress and worse attainment of social roles 

and health-related quality of life (67). Although causal relations have not been established, based 

on the above results in the general population and CCS, it is widely assumed that healthy lifestyle 

interventions will contribute to less cardiac morbidity and mortality. However, the effectiveness 

of lifestyle interventions on cardiovascular risk factors or cardiovascular disease has not been 

established in CCS. 

Several studies have been performed to support CCS to adapt to a healthy lifestyle, of which most 

have focused on increasing physical activity. In a meta-analysis of nine studies, aerobic exercise was 

positively related to cardiopulmonary fitness in CCS (68). A systematic review by Raber et al. identified 

twelve studies on physical activity interventions in CCS. Of these, five studies found that exercise 

training improved strength, functional mobility and flexibility and/or anthropometric fitness (69). 

Another systematic review on lifestyle interventions in adolescent and young adult cancer survivors 

targeting one or more health behaviors identified twelve studies, of which six were successful in 

changing health behavior (70). Three of these were focused on influencing multiple behaviors, 

including an individually tailored counseling program on smoking and alcohol consumption. Half of 

the reviewed studies delivered lifestyle interventions remotely, using phone calls or online contact. 

Personalized e-health interventions seem a relatively cost-effective and feasible way to improve 

lifestyle in CCS, but more studies are need to examine its efficacy and effectiveness.

R I S K  P R E D I C T I O N  M O D E L S 
Knowledge of the risk of cardiac adverse events before or early after cardiotoxic cancer treatments 

can be very useful to guide the care for CCS. Multivariable risk prediction models have the potential 

to accurately estimate risk in individual survivors and should ideally be linked to a proven effective 

action to prevent or reduce the severity of cardiotoxicity (71,72). 

Development of prediction models broadly includes a development and validation phase (71). 

In the development phase, relevant predictors are selected based on subject knowledge and/

or stepwise regression (73). Subsequently, model discrimination and calibration are assessed. 

Discrimination is the ability of the model to discriminate between patients who develop the event 

and those who do not and is typically quantified by the C-statistic or area under the receiver 

operating characteristic curve (73,74). Calibration refers to how well the predicted risks match 

the actual risks and can be assessed with a calibration plot (72). In the validation phase, discrimination 

and calibration are assessed in a distinct cohort, a critical step before the prediction model can be 

applied to patients (71,72). In CCS, risk prediction models have been developed for heart failure, 

ischemic heart disease and cardiovascular mortality. An overview of validated prediction models in 

CCS is provided in Supplemental Table 2. 
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Heart failure prediction models

Practical models to predict heart failure onset before the age of 40 years in CCS at 5-years after 

cancer diagnosis have been developed by Chow et al. (29). Here, prediction models in 13,060 CCS 

(285 with heart failure) from the Childhood Cancer Survivor Study were derived, and subsequently 

validated in 3,421 CCS (93 with heart failure) from the Dutch Emma Children’s Hospital, the National 

Wilms Tumor Study and the St Jude Lifetime Cohort Study. Using a backward selection procedure, 

female sex, younger age at cancer diagnosis, anthracycline dose and chest RT dose were selected 

as predictors and assigned integer risk scores for clinical applicability. The final prediction model 

showed reasonable discrimination between CCS who developed heart failure and those who did 

not (C-statistic: 0.76 and 0.68-0.82 in the development and validation cohorts, respectively). 

The discriminatory abilities of the model were further demonstrated by a cumulative incidence of 

heart failure at age 40 of 0.5% in the low-risk group, while this was 11.7% in the high-risk group. 

Importantly, 45.2% of the CCS were at low risk according to the model and thus unlikely to develop 

heart failure. 

Ischemic heart disease prediction models

A similar approach was used by the same authors to develop and externally validate a prediction model 

for ischemic heart disease before age 50 years (32). Male sex and higher chest RT dose were selected as 

predictors. The Cox regression model achieved modest discrimination between CCS who developed 

ischemic heart disease and those who did not (C-statistic of 0.70 in the development cohort and 0.66 

in the validation cohort). Cumulative incidences of ischemic heart disease at age 50 ranged from 2.3% 

(95% CI 1.5%-3.1%) in the low-risk group to 19.9% (95% CI 15.0%-24.7%) in the high-risk group, while 

this was only 1.2% (95% CI 0.4%-2.0%) in siblings. Although a clear segregation was observed between 

the low- and high-risk groups, the C-statistics were modest. Of note, for both the heart failure and 

ischemic heart disease prediction models, calibration was not assessed.

Traditional cardiovascular risk factors in the prediction for heart failure and 
ischemic heart disease 

Modifiable cardiovascular risk factors in CCS are known to increase the risk for cardiovascular 

events and their prevalence is strongly related to age (17). Thus, early, at 5-years after diagnosis, 

cardiovascular risk factors have been shown to provide little incremental information to prediction 

models for heart failure and ischemic heart disease (29,32).

In a more recent study, diabetes, hypertension and dyslipidemia were used in the prediction 

of heart failure and ischemic heart disease in CCS aged 20, 25, 30 or 35 years at time of prediction, 

with relative risks comparable to moderate doses of anthracyclines (75). Cardiovascular risk factors 

were present in approximately 10% of the CCS at age 35 and were strong predictors of heart failure 

and ischemic heart disease. Although the discrimination of the prediction models improved with 

the addition of cardiovascular risk factors, the C-statistics were modest for both events ranging 

from 0.69-0.79 in the derivation cohort with successful replication in the other half of the cohort. Of 

importance, both the heart failure and the ischemic heart disease predictions models showed good 
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calibration. A small, very high-risk group was identified with cumulative incidences of heart failure 

or ischemic heart disease of ~10% at age 50 years; survivors in this high-risk group may benefit 

from more frequent surveillance and/or early interventions to modify their risk. However, low risk 

survivors that may be excluded from further surveillance could not be identified with these models 

as cumulative incidences of heart failure (~1.5-2.5%) and ischemic heart disease (~1-1.5%) were still 

significantly higher compared to siblings at age 50 years. 

Cardiovascular mortality prediction models

A population-based study from the Surveillance, Epidemiology, and End Results Program in 28,811 

CCS was used to develop and validate a clinical risk score for cardiovascular mortality ³5 years after 

diagnosis (76). Male sex, non-white race, age at diagnosis, lymphoma history and any radiation 

were selected as predictors in the Cox regression model. This simple model showed modest 

discrimination (C-statistic 0.72-0.75) and good separation between low-risk and high-risk survivors 

(cumulative incidence at 30 years after cancer diagnosis of 0.7% and 6.0%, respectively).

Genetic risk prediction models

There is large inter-individual variation in the susceptibility for cardiotoxicity after anthracycline 

treatment (78). Genetic predisposition may explain why some children will develop cardiotoxicity 

at lower anthracycline doses while others who are treated with high doses will not, and thus enable 

risk stratification of children before anthracycline treatment. Several genetic variants implicated in 

DNA damage, oxidative stress, iron metabolism, sarcomere dysfunction, anthracycline metabolism 

and transport have been described and replicated in anthracycline cardiomyopathy (Figure 2, 

Supplemental Table 3) (77-79). For a comprehensive overview of genetic variants implicated in 

anthracycline cardiomyopathy we refer the reader to an upcoming state-of-the-art review in this 

journal and other systematic reviews (77,78). 

In the absence of single genes explaining the susceptibility for anthracycline cardiomyopathy, 

combining genetic and clinical risk factors in a multivariable prediction model may increase 

the clinical usefulness of screening for genetic variants. Visscher et al. developed several genetic 

risk prediction models. Validation of the first prediction model failed in an independent cohort 

(80,81). An updated prediction model based on 7 genetic variants and the clinical variables age at 

start of treatment, anthracycline dose, sex, chest RT and ethnicity, achieved an area under the curve 

(AUC) of 0.79 (95% CI 0.74-0.85) in the derivation cohort and 0.76 (0.68-0.83) in the validation 

cohort, compared to 0.68 (0.61-0.75) for the model with clinical variables only (82). While these are 

promising results, this genetic risk prediction model is not ready to be applied to clinical practice 

due to several limitations. Calibration was not performed and coefficients of the final model were 

not provided. In addition, a logistic regression model was used that does not take into account 

the time-to-event, and also does not properly address survivors who dropped out before the study 

was performed. Therefore, the model estimates the probability of developing anthracycline 

cardiomyopathy at any time during follow-up, while it is likely more informative for clinician to 

understand the probabilities within a certain timeframe. Studies that evaluate the predictive value 
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of genetic variants in combination with clinical variables using time to event analyses are needed 

before genetics can be used in the risk stratification for anthracycline cardiomyopathy in CCS. 

Improving prediction models with additional predictors

Improvements in discrimination ability of the models may be achieved with the addition of 

echocardiographic parameters, ECG, blood biomarkers and/or genetic variants (7,48,83). Updating 

risk estimates in a particular survivor with changes in echocardiographic, ECG and/or blood 

biomarkers during follow-up may also improve predictions given the results in other areas of 

research (84). Moreover, acute or early-onset cardiotoxicity is suggested as a predictor for late-

onset cardiotoxicity (85). 

Figure 2. Replicated genetic variants associated with anthracycline-induced cardiomyopathy in childhood 

cancer survivors and their cellular functions. A=anthracyclines, ABC= ATP binding cassette, ATP=adenosine 

triphosphate, CELF4=CUGBP Elav-like family member 4, cTnT=cardiac troponin T, ETFB=electron transfer 

flavoprotein subunit beta, HAS3= hyaluronan synthase 3, HNMT= histamine N-methyltransferase, RARG=retinoic 

acid receptor gamma, SLC=solute carrier transporter, TOP2b=topoisomerase2b, TTNtv=titin truncating variant, 

UGT1A6=UDP glucuronosyltransferase family 1 member A6. Created with BioRender.com.
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Clinical applications and clinical impact analyses of prediction models

When a potentially high-risk patient is identified by a risk prediction model, preventive measures 

such as the use of dexrazoxane or liposomal anthracyclines may be considered. Prediction models 

using covariates that are known before cancer treatment, such as genetic variants or treatment 

protocols, may be useful for this purpose. 

As a future application of prediction models, the predicted risk for cardiotoxicity can be weighed 

against the survival benefit associated with a particular treatment to guide therapy decisions. Risk 

estimates from a prediction model can also be used to individualize surveillance for asymptomatic 

cardiac dysfunction in CCS. Closer follow-up can be recommended in high-risk patients while at 

the same time the surveillance burden can be decreased in patients at low risk for cardiotoxicity.  

While the above-mentioned prediction models may be used to inform survivors and clinicians 

on individual risks for cardiotoxic events, there is a lack of evidence-based clinical actions that 

can be taken based on the risk estimates from current models. This underlines the need for 

clinical impact analyses to investigate changes in clinical management linked to the results from 

a prediction model. A trial with a cluster randomization design evaluating usual survivorship care 

compared to care based on results from a prediction model will provide the strongest evidence but 

may be impractical to perform in CCS due to the long follow-up needed (86).

Another approach to assess clinical impact is decision modeling (86,87). Decision curves can 

evaluate the net benefit of a prediction model across a range of disease probability thresholds 

for intervention (88). In the context of prediction model guided surveillance this can be seen as 

the benefit of early detection of asymptomatic cardiac dysfunction among those who will develop 

heart failure (true positives) weighted against the potential harm of an unnecessary diagnostic 

workup and/or treatment in those who will not develop heart failure (false positives). 

Through decision modeling using simulations, it has been shown that routine echocardiographic 

surveillance for asymptomatic cardiomyopathy every 10 years may be more cost-effective, especially 

in those treated with an anthracycline dose <250 mg/m2 (87). Decision modeling provides weaker 

evidence on the clinical impact compared to an RCT, but requires no follow-up and is less expensive 

to perform. Such analyses could be performed to assess clinical impact and cost-effectiveness 

before conducting an RCT.

D E T E C T I O N  M E T H O D S  A N D  G U I D E L I N E S 
In order to detect anthracycline-cancer treatment induced cardiomyopathy there are different 

methods and techniques available. Much of the research in detection of cardiac diseases is focused 

on improving early detection of myocardial dysfunction. We will describe diagnostic methods that 

have been studied over the past decade in CCS.  

Conventional echocardiography

Echocardiographic measurement of the shortening fraction (FS) and biplane left ventricular 

ejection fraction (LVEF) are widely used techniques to quantify cardiac dysfunction in survivors 

of childhood cancer. Fractional shortening is discouraged in patients secondary to potential 
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regional wall motion abnormalities (89). Moreover, LVEF and FS decreases may reflect later stages 

of cardiotoxicity. To overcome these limitations, developments in advanced imaging techniques 

are of great importance. Application of three-dimensional echocardiography has improved inter- 

and intra-observer variability, which is desirable for longitudinal follow-up (90). Armstrong et al. 

demonstrated that the sensitivity and false-negative rate of three-dimensional echocardiography 

for detection of LVEF<50% measured by cardiac MRI as the gold standard, was improved compared 

to two-dimensional echocardiography (91).

Strain imaging and diastolic function 

One of the markers that may detect myocardial dysfunction at an early stage is GLS. In adult cancer 

patients strain imaging has potential to predict subsequent LVEF deterioration (92,93). A relative GLS 

decrease of >15% from baseline is suggested as potentially abnormal, whereas a relative decrease 

of <8% seems not clinically relevant (94). Evidence on strain imaging in CCS is accumulating. 

Mavinkurve-Groothuis et al. showed a significant difference in GLS between asymptomatic CCS 

(n=111) approximately 15 years after anthracycline treatment and healthy controls (95). A large 

study of the St. Jude Lifetime cohort of 1,807 CCS over a median follow-up of 23 years determined 

an abnormal GLS in 28% of the cohort who were exposed to anthracyclines and/or chest RT who 

had a normal LVEF. Both cumulative anthracycline dose >300 mg/m2 and any cardiac RT dose was 

associated with a risk of abnormal GLS (7). It is currently unknown whether an abnormal GLS is 

associated with a LVEF <50% or clinical heart failure in CCS. 

Diastolic dysfunction after cardiotoxic cancer treatment has also been described in CCS 

(8,96). In the St. Jude Lifetime cohort, diastolic dysfunction grade 1 to 3 (based on peak mitral flow 

velocity, mitral septal and lateral early diastolic velocity and left atrial volume) was detected in 11% 

of all CCS exposed to cardiotoxic treatment and in 8.7% with normal LVEF (7). One must be aware 

of the difficulties in the classification of diastolic dysfunction and there is a question of whether 

grading diastolic dysfunction according to the 2016 recommendations (97) has added value in CCS. 

Whether diastolic dysfunction is associated with asymptomatic systolic dysfunction and predictive 

of heart failure development warrants further investigation.  

Cardiac MRI

Cardiac MRI is a well-suited imaging technique because geometric assumptions are not needed and 

the high resolution images enables accurate function assessment with high reproducibility (98). 

A study in 114 adult survivors demonstrated a significant difference in mean LVEF measured by MRI 

(55.9%) and 2-dimensional echocardiography (61.0%). Cardiomyopathy (LVEF<50% measured with 

MRI) was identified in 12 CCS (11%) previously undiagnosed by 2-dimensional echocardiography (91). 

The added value of this modality could lie in the abilities of tissue characterization (i.e. edema and 

fibrosis), right ventricle systolic function assessment, precise volumetric and strain assessment of 

other cardiac chambers aside from the LV. Thus, cardiac MRI enables evaluation of structural and 

functional changes induced by cancer treatment. Yet, studies investigating the role of cardiac MRI 

in CCS are scarce (99-102). 
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Blood biomarkers and electrocardiography 

The limited diagnostic value of the blood biomarkers N-terminal pro-B-type natriuretic peptide and 

(high-sensitive) cardiac troponins in the detection of myocardial dysfunction by echocardiography 

more than one year after cancer diagnosis was shown in a recent systematic review (103). Conflicting 

results on the predictive value of natriuretic peptides and troponins measured during cancer 

treatment for subsequent anthracycline cardiomyopathy exist in CCS (104,105). In adult cancer 

patients, the predictive value of elevated high-sensitive cardiac troponins during cancer treatment 

for early-onset cardiotoxicity may be more suggestive at specific timepoints (93,106).

ECG parameters may also aid in the prediction of myocardial dysfunction. A recent study in 

anthracycline treated CCS demonstrated that the QTc interval after chemotherapy was associated 

with subsequent LV dysfunction (107).  

Guidelines for surveillance and treatment of cardiac disease in childhood cancer 

survivors

The IGHG aims to develop guidelines for surveillance of survivors of childhood cancer and young 

adult survivors by a global, interdisciplinary collaboration (108). Within the guideline development 

process, recommendations are formulated based on existent national follow-up guidelines and 

evidence summaries (109-112). Recommendations cover the clinical questions 1) who needs 

surveillance?, 2) which surveillance modality should be used?, 3) at what frequency and for how long 

should surveillance occur?, and 4) what should be done when abnormalities are found?

Cardiomyopathy surveillance guideline

The IGHG cardiomyopathy surveillance guideline was published in 2015 (113) and efforts are underway 

to update this guideline. It serves to define risk groups for the development of cardiomyopathy, 

based on cardiotoxic exposure. CCS treated with anthracycline doses ≥250 mg/m2, chest RT dose 

≥35 Gy or a combination of anthracyclines ≥100 mg/m2 and chest RT dose ≥15 Gy are regarded as high 

risk. Anthracycline doses of 100-250 mg/m2 or chest RT doses 15-35 Gy are regarded as moderate 

risk, and anthracycline doses <100 mg/m2 as low risk. Echocardiographic surveillance is strongly 

recommended every 5 years or more frequently in high-risk CCS. It is reasonable to also surveil 

every 5 years in moderate- and low-risk CCS. Surveillance should start no later than two years 

after the completion of cardiotoxic therapy. The IGHG furthermore strongly recommends routine 

screening for and management of cardiovascular risk factors and counseling on smoking cessation 

and regular exercise.

Participation rates of high-risk CCS to guideline-based echocardiographic surveillance 

were shown to be less than one-third. In one RCT, telephone counselling more than 

doubled the participation rate in the subsequent year, after correction for recommended  

surveillance frequency (114). 

Until now, the IGHG did not formulate treatment recommendations for cardiomyopathy in CCS. 

When abnormalities are detected, this guideline recommends referral to a cardiologist. Clinical 

practice guidelines applied by (pediatric) cardiologists after referral are summarized in section 4.2.4.   
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Coronary artery disease surveillance guideline

The IGHG is currently finalizing a guideline for asymptomatic CAD surveillance in childhood, 

adolescent and young adult cancer survivors (115). Preliminary studies suggest that there is 

insufficient evidence to recommend a particular surveillance modality in asymptomatic childhood 

cancer survivors treated with chest RT. Emphasis is placed on awareness of premature CAD risk in 

survivors treated with chest RT. Risk assessment and surveillance and management of modifiable 

cardiovascular risk factors is needed. Knowing that there is already a difference in the incidence 

of CAD between CCS and siblings in their late twenties, clinicians should be aware of the potential 

atypical presentation of CAD in younger patients (17,109). 

Other cardiac disease surveillance guidelines 

As the modality of choice for the evaluation of valvular disease is echocardiography, assessment of 

valve function and structure are usually incorporated in the surveillance of CCS at risk with chest 

RT doses >15 Gy (113). Furthermore, assessment of pericardial structural abnormalities is possible 

as well. When abnormalities are detected, a cardiologist should be consulted, as specified in some 

national guidelines (109,111). To detect arrhythmia in an early phase, some national groups suggest 

performing an electrocardiogram at the initiation of long term follow-up (109,111). 

Guidelines for management of cardiomyopathy in CCS 

The IGHG cardiomyopathy guidelines refer to (pediatric) cardiology guidelines for further 

investigation and management of cardiac abnormalities (116-118). However, an exact threshold for 

abnormal systolic function is not defined. In the general adult population, a LVEF <40% is a robust 

indicator that medical therapy reduces mortality, regardless of heart failure symptoms. Treatment 

decisions for patients with a LVEF 40-49% should be a ‘shared decision’ balancing prognosis, heart 

failure symptoms and the individual’s treatment tolerance (117,118). In practice, these thresholds are 

often extrapolated to CCS in the absence of survivor specific evidence. 

There is a lack of evidence to support treatment recommendations in CCS. A Cochrane 

systematic review identified only one RCT that evaluated the initiation of ACE-inhibitors for CCS with 

asymptomatic cardiac dysfunction (119). This study only showed improvement in left ventricular wall 

stress by echocardiography. Possible reasons for failure to demonstrate an effect on clinical endpoints 

are the relatively short follow-up time (median 2.8 years) and liberal inclusion criteria (120).

The European Society of Cardiology published a position paper for the diagnosis and management 

of cancer patients and survivors in adult cardiology (121). The paper recommends prompt initiation 

of an ACE-inhibitor and β-blocker in those with cardiac dysfunction during cancer therapy, based on 

the high risk of developing heart failure. However, these recommendations were not based on RCT 

data. In long-term follow-up, general heart failure guidelines should be followed (117,118). 

F U T U R E  P E R S P E C T I V E S
Looking forward, there is a critical need for prospective and interventional studies to address most 

open research questions (Table 1). The current lack of intervention studies in CCS may be due to 
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Table 1. Future directions in cardio-oncology research in childhood cancer survivors

Future research directions Study design(s) to answer research question

Cardiac diseases 

Detailed risk and risk factor analysis of cardiac  

diseases after childhood cancer 

Cohort studies and case control studies

Prevention of anthracycline cardiotoxicity

Safety and effectiveness of dexrazoxane RCTs and observational studies in high risk survivors, 

and risk prediction model guided studies.Effectiveness of liposomal anthracyclines

Effectiveness of longer infusion duration

Effectiveness of pharmacological heart  

failure treatments

A RCT on low dose carvedilol in high risk CCS  

is ongoing (125)

Management of cardiovascular risk factors

Effectiveness of risk factor modifications to 

prevent cardiovascular events in CCS

Prospective trials and RCTs in CCS with 

cardiovascular risk factors present 

Effectiveness of lifestyle interventions in CCS Prospective trials and RCTs in CCS

Risk prediction models

Improvement with additional predictors (genetic, 

echocardiography, ECG and blood biomarkers)

Cohort studies with validation in an  

independent cohort

Benefit of longitudinal measurements to update 

individual risk predictions

Landmark analysis or joint modeling within cohort 

studies with external validation 

The incremental predictive value of machine learning 

algorithms compared to classical regression

Multicenter cohort studies with a large number  

of events.

Clinical impact of prediction models Cluster RCTs, decision curve analysis

Early detection of cardiac disease 

Usefulness of (strain) imaging, ECG parameters 

and blood biomarkers in early detection

Cohort studies, (cluster) RCTs of different 

surveillance strategies

Identification of novel blood biomarkers for  

cardiac disease

Proteomics/metabolomics in case-control studies 

with validation in cohort studies.

Genetics 

Genetic susceptibility for other diseases than 

anthracycline cardiomyopathy 

Cohort studies with uniform cardiotoxic event 

definitions, replication in independent cohorts

Identification of novel genetic variants GWAS or WGS in large (multicenter) cohort studies

Clinical usefulness of genetic risk stratification Cohort studies with time to event analysis

CCS=childhood cancer survivors, GWAS=genome wide association studies, ECG=electrocardiography, RCT=randomized controlled 

trial, WGS=whole genome sequencing. 

the long follow-up required for clinical events. Therefore, initially, intermediate imaging or blood 

biomarker outcomes may be useful as a proof of concept before conducting larger trials. 

The safety and effectiveness of primary prevention strategies, including dexrazoxane, and 

secondary prevention strategies, such as modification of cardiovascular risk factors and treatment 

of asymptomatic myocardial dysfunction, can ideally be studied in RCTs or large observational 

studies. Prevention and surveillance may be further individualized with prediction model guided 

care after evaluation of their clinical impact. 

Myocardial fibrosis and edema quantification with cardiac MRI are promising techniques 

to improve risk stratification and may facilitate earlier detection (40). The usefulness of 



C A R D I A C  D I S E A S E  I N  C H I L D H O O D  C A N C E R  S U R V I V O R S

35

2

echocardiographic strain imaging, ECG and blood markers in the early detection of cardiotoxicity 

in long-term childhood cancer survivors is currently being investigated in the Dutch LATER cohort 

study (122). In addition, modeling complex interactions and non-linear relationships between 

predictors and outcomes with machine learning algorithms may be a valuable addition to classic 

regression models in childhood cancer survivors when samples sizes are sufficient (123).

C O N C L U S I O N S
Cardiac disease after the treatment of childhood cancer is an important health problem for 

survivors of childhood cancer. Optimal survivorship care, including collaboration between pediatric 

oncologists and cardiologists, is needed to detect and treat cardiac abnormalities in an early phase. 

Over the past decade, a large body of evidence on cardiac diseases in CCS has been collected 

through cohort studies, that can improve current international surveillance guidelines. New 

insights into the impact of risk factors such as mitoxantrone should be incorporated in discussions 

on new treatment protocols for children with cancer and in guidelines for follow-up care. Apart 

from the treatment-related risk, lifestyle interventions may be important to modify cardiovascular 

risk factors and prevent cardiovascular events in aging survivors. Prediction models that have 

been developed for heart failure, ischemic heart disease and cardiovascular mortality await clinical 

impact analysis to guide individualized preventive measures, surveillance and treatment decisions. 

A better understanding of genetic susceptibility for anthracycline-induced cardiomyopathy and 

underlying pathophysiological mechanisms has the potential to improve both risk stratification 

and the development of primary and secondary prevention strategies. Translating research into 

the care for survivors is complex and requires a multi-disciplinary approach from researchers, 

epidemiologists, (pediatric) oncologists and cardiologists.

H I G H L I G H T S
	» The main risk factors for cardiac disease in childhood cancer survivors are anthracyclines, 

mitoxantrone and chest directed radiotherapy dose. 

	» Primary prevention strategies may reduce the risk of anthracycline induced cardiomyopathy. 

	» There is an increased prevalence of traditional cardiovascular risk factors in childhood 

cancer survivors; screening and early management are important to modify risk. 

	» Multivariable risk prediction models may help to individualize prevention and  

surveillance strategies.
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A B S T R AC T
Background

In childhood cancer survivors (CCS) at risk for heart failure, echocardiographic surveillance 

recommendations are currently based on anthracycline- and chest-directed radiotherapy dose. 

Whether the ejection fraction (EF) measured at an initial surveillance echocardiogram can refine 

these recommendations is unknown.

Objective

To assess the added predictive value of EF at >5 years after cancer diagnosis to anthracycline and 

chest-directed radiotherapy dose in CCS, for the development of left ventricular dysfunction with 

an EF<40% (LVD40) .

Methods

Echocardiographic surveillance was performed in 299 CCS from the Emma Children’s Hospital 

in the Netherlands. Cox regression models were built including cardiotoxic cancer treatment 

exposures with and without EF to estimate the probability of LVD40 at 10 years follow-up. Calibration, 

discrimination and reclassification were assessed. Results were externally validated in 218 CCS.

Results

Cumulative incidences of LVD40 at 10 years follow-up were 3.7% and 3.6% in the derivation and 

validation cohort, respectively. Addition of EF resulted in an integrated area under the curve 

increase from 0.74 to 0.87 in the derivation cohort and from 0.72 to 0.86 in the validation cohort 

(likelihood-ratio p<0.001). Reclassification of CCS without LVD40 improved significantly (non-case 

cNRI 0.50, 95% CI [0.40-0.60]). A predicted LVD40 probability ≤3%, representing 75% of the CCS, had 

a negative predictive value of 99% (95% CI 98-100%) for LVD40 within 10 years. However, patients 

with mid-range EF (40-49%) at initial screening had an incidence of LVD40 of 11% and a 7.81 (95% CI 

2.07-29.50) fold increased risk of LV40 at follow-up.

Conclusions

In CCS, an initial surveillance EF, in addition to anthracycline- and chest-directed radiotherapy 

dose, improves the 10-year prediction for LVD40. Through this strategy, both the identification of 

low-risk survivors in whom the surveillance frequency may be reduced and a group of survivors at 

increased risk of LVD40 could be identified.
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I N T R O D U C T I O N
The survival of childhood cancer has increased considerably over the last decades, with 80% of 

children with cancer becoming long-term (≥5 year) survivors.(1) However, the same treatment that 

successfully cured their childhood cancer places them at an increased risk of adverse events up to 

40 years after childhood cancer diagnosis.(2) Cardiotoxicity in childhood cancer survivors (CCS) 

is a well-known late effect after treatment with anthracyclines, mitoxantrone or chest-directed 

radiotherapy.(3, 4, 5) The cumulative incidence of symptomatic heart failure at 40 years past cancer 

diagnosis is 10.6% in CCS treated with cardiotoxic cancer therapies.(5) In addition, asymptomatic 

left ventricular (LV) dysfunction is frequently present in CCS and is associated with an increased risk 

of developing symptomatic heart failure in the general population.(6) When defined as an ejection 

fraction (EF) <50%, or as a fractional shortening <28%, asymptomatic LV dysfunction has been 

reported in 6-8 % of CCS at a median of 9 to 23 years after cancer diagnosis.(7, 8, 9, 10) 

Currently, to detect and treat asymptomatic LV dysfunction early, the International Late 

Effects of Childhood Cancer Guideline Harmonization Group (IGHG) recommends to perform 

an echocardiogram once every five years in all CCS treated with cardiotoxic cancer therapies.

(11, 12) More frequent surveillance is thought reasonable in high risk CCS treated with cumulative 

doses of anthracyclines ≥250mg/m2, chest-directed radiotherapy ≥35 Gray or a combination of 

the two (anthracycline ≥100mg/m2 and chest-directed radiotherapy ≥15 Gray).(11) Referral to 

a cardiologist is recommended once asymptomatic LV dysfunction (EF<50%) is identified. However, 

the recommendation for pharmacological treatment is, due to a lack of evidence in CCS(13, 14), 

based on guidelines for adults with asymptomatic LV dysfunction from other causes.(11),(15, 16) These 

guidelines recommend treatment for symptomatic patients and for patients with asymptomatic LV 

systolic dysfunction, although their direct relevance to CCS is unknown.(17, 18) 

The current IGHG surveillance guidelines do not include measurements of LV function in the risk 

stratification for cardiomyopathy.(11) We hypothesized that EF measured at the first long-term 

follow-up echocardiogram may improve cardiomyopathy risk stratification and may further serve 

to personalize surveillance frequency recommendations. With the knowledge that an EF<40% is 

a strong and widely accepted indication to start heart failure medications(15), an optimal surveillance 

strategy should be directed to timely identify CCS with an EF<40%, regardless of the presence of 

heart failure symptoms. 

In this study, we assessed and externally validated the added predictive value of EF at first 

long-term follow-up echocardiogram in asymptomatic CCS treated with cardiotoxic cancer 

therapies for the development of left ventricular dysfunction with EF<40% (LVD40).

M E T H O D S
Study population

The derivation cohort consisted of CCS from the Emma Children’s Hospital in Amsterdam, 

The Netherlands. This cohort included CCS with a primary childhood malignancy between 1966 and 

1997, treated with anthracyclines, mitoxantrone and/or chest-directed radiotherapy who were at 

least 5 years past cancer diagnosis.(8) 
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The validation cohort consisted of CCS from the Radboud University Medical Center in 

Nijmegen, the Netherlands.(19, 20, 21) CCS treated with anthracyclines, who were at least 5 years 

past cancer diagnosis and who visited the survivorship outpatient clinic between 2006-2012 were 

included in this cohort.

From both cohorts, we selected CCS >18 years of age at the first follow-up echocardiogram 

who were treated with anthracyclines, mitoxantrone and/or chest-directed radiotherapy. CCS with 

a history of heart failure before the first available follow-up echocardiogram ≥5 year after cancer 

diagnosis were excluded. Asymptomatic CCS with an EF<40% before or at the first echocardiogram 

were also excluded. For the longitudinal analysis, CCS with ≥2 follow-up echocardiograms 

were included when the time interval between each echocardiogram was ≤5 years and the total 

follow-up was ≥1 year. We chose the time interval of ≤5 years between each echocardiogram 

because this is the time interval recommended by the cardiomyopathy surveillance guidelines.(11) 

Informed consent for participation in the late effects study cohort was previously obtained from 

all participants and the study was approved by the medical ethics boards of the Emma Children’s 

Hospital/Academic Medical Center and the Radboud University Medical Center.(8, 19, 20)

Data collection

Data were retrospectively collected from medical records, digitally archived echocardiograms and 

the database of prior studies within these cohorts(8, 19, 20). Variables of interest included: sex, cancer 

diagnosis, age at cancer diagnosis, age at first echocardiogram (see below, ‘Echocardiograms’), 

time since cancer diagnosis at first echocardiogram, cardiovascular risk factors (hypertension, 

dyslipidemia and/or diabetes reported in questionnaires or diagnosed by a physician), heart failure 

medication prescriptions, cumulative doses of anthracycline (summed according to doxorubicin-

equivalent ratios(22)), mitoxantrone and chest-directed radiotherapy. 

Chest-directed radiotherapy was defined as radiotherapy involving the heart region and included 

total body irradiation, left or whole abdominal irradiation, spinal irradiation, thoracic irradiation, 

and inverted Y field irradiation. For the chest-directed radiotherapy dose we used the maximum 

prescribed dose to the smallest field and added the total body irradiation dose.(23)

Echocardiograms

The first available echocardiogram ≥5 years after cancer diagnosis was used to measure the initial 

EF. All subsequent echocardiograms after the first echocardiogram were systematically collected. 

All echocardiograms were performed by trained sonographers and supervised by an imaging 

cardiologist. Fractional shortening was measured in the parasternal long axis and calculated 

from the LV internal diameter at end-diastole and end-systole at the base of the LV by M-mode 

echocardiography. Biplane EF was measured in the apical chamber views with the modified 

Simpson’s method.(24) In cases where biplane EF could not be measured, EF was calculated 

using the Teichholz formula that has been shown to accurately estimate EF in the absence of 

dyssynchrony and wall motion abnormalities.(25) We assessed the agreement between Teichholz 

and biplane-derived EF in 323 echocardiograms where both metrics were available (Table S1,  
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Figure S1). The overall agreement on the endpoint of an EF<40% or EF≥40% was 97%.(26) In 30 

randomly selected echocardiograms the intraclass correlation coefficient for the intraobserver 

variability of biplane EF was 0.83 (95% confidence interval (CI) 0.67-0.92) and the intraclass 

correlation coefficient for interobserver variability was 0.79 (95% CI 0.61-0.90), which is comparable 

to values reported in the literature.(27)

Statistical analyses

Continuous variables are presented as mean ± standard deviation (SD) when normally distributed 

and as median (25th-75th percentile) when asymmetrically distributed. Categorical variables are 

presented as number with percentages. Patient characteristics were compared between groups 

with the Student’s t-test for normally distributed continuous variables, the Kruskal-Wallis test 

for asymmetrically distributed continuous variables and the Chi-square or Fisher’s exact test for 

categorical variables. 

The primary endpoint was the onset of left ventricular dysfunction with EF<40% (LVD40) after 

the first follow-up echocardiogram. Time was considered from the point at which the initial EF was 

obtained. The cumulative incidence of LVD40 was estimated with death as a competing risk and 

compared CCS with an EF 40-49% to CCS with an EF≥50% at first echocardiogram using the Fine and 

Gray’s test.(28) 

Hazard ratios (HRs) with 95% CIs were estimated with multivariable Cox regression models. 

Anthracycline and chest-directed radiotherapy dose that are currently used for risk stratification in 

the IGHG surveillance guideline(11) were entered in the model with and without the addition of initial 

EF. EF was categorized to estimate the risk associated with an EF 40-49% (mid-range) compared 

to an EF≥50% (preserved). Continuous EF was used in the prediction model development because 

continuous covariates have superior predictive power.

The proportionality assumption was tested with the Schoenfeld residual test and by inspecting 

the Schoenfeld residuals over time.(29) Non-linearity of the covariates was tested for with restricted 

cubic splines (results in supplementary material).(30) 

We estimated the baseline hazard with the Breslow estimator at 10 years follow-up (H0(t)) in 

both cohorts and calculated the linear predictor (LP) with the coefficients derived from the model 

fitted in the derivation cohort. Subsequently, individual 10-year probabilities for LVD40 (LVD40prob) 

were estimated with the formula(31): LVD40prob(t=10) = 1−[H0(t=10)exp(LP)] 

Calibration was evaluated by plotting the observed versus the predicted 10-year probabilities 

for LVD40 in 5 groups. In the derivation cohort, improvement in model performance with 

the addition of initial EF was tested using the likelihood ratio test.(32) Discrimination was quantified 

with the integrated area under the receiver operating characteristic curve (iAUC), which represents 

a weighted average of time-dependent AUC measures.(33, 34) Bias and 95% CIs of the iAUCs were 

assessed using 2000 bootstrap samples. The continuous net reclassification improvement (cNRI) of 

the model with addition of the initial EF value as compared to the model without EF was calculated. 

The cNRI indicates the proportion of patients that accurately change in their predicted risk with 

the addition of EF to the model and can be calculated for cases and non-cases (Table S4).(35) Time-
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dependent accuracy measures (sensitivity, specificity, negative and positive predictive values) of 

the model with EF were calculated with the ‘timeROC’ package, which accounts for censoring.(36) 

To adjust for selection bias that might have resulted from the exclusion of CCS, we performed 

a sensitivity analysis in the derivation cohort where we weighted the HR estimates with the inverse 

of the sampling probability.(37) To estimate the sampling probability we used a logistic regression 

model with selection for this study (yes/no) as the outcome, and sex, age at cancer diagnosis (as 

a spline), cumulative anthracycline dose (as a spline), chest-directed radiotherapy dose, cumulative 

mitoxantrone dose, cancer diagnosis year and LVD40 or heart failure (yes/no) as covariates. 

Additional sensitivity analyses wereperformed with heart failure medication use and cardiovascular 

risk factors (hypertension, dyslipidemia and diabetes). 

All analyses were performed in R (version 3.5.1, R Foundation, Vienna, Austria), a two-sided p-value 

<0.05 was considered statistically significant. No missing data was present in the predictor variables.

R E S U LT S
Characteristics of CCS in the derivation and validation cohort

In the derivation cohort, 690 CCS received cardiotoxic cancer treatment and survived ≥5 years 

after diagnosis (Figure 1). Eighty-four CCS died before available echocardiographic follow-up (four 

of heart failure). Other reasons for exclusion included: heart failure or an EF<40% before the first 

follow-up echocardiogram (n=16), <2 follow-up echocardiograms performed (n=200), or ≥5 years 

between the follow-up echocardiograms (n=91). In total, 299 CCS were eligible for this study. 

Compared to the CCS that were excluded, those included were more often female (56.2% versus 

33.7%, p<0.001) and were treated with higher anthracycline doses (median 280 mg/m2 [25th-75th 

percentile 180-400] versus 200 mg/m2 [150-360], p=0.013) (Table S2). 

In the validation cohort, 400 CCS were treated with cardiotoxic cancer treatments and survived 

≥5 years after diagnosis and 218 of them were eligible for inclusion (Figure 1). Reasons for exclusion 

were an age <18 years during echocardiographic follow-up (n=70), >5 years between the follow-up 

echocardiograms (n=60), <2 follow-up echocardiograms performed (n=49) and heart failure before 

echocardiographic follow-up (n=3). 

Patient characteristics of both cohorts are presented in Table 1. Compared to the derivation 

cohort, CCS in the validation cohort were more often treated with anthracyclines at lower doses 

(derivation cohort 280 mg/m2 [180-400]; validation cohort 180 mg/m2 [150-301]) and had a higher 

initial EF (derivation cohort mean 61.6%±7.1 versus validation cohort mean 57.1%±6.9). A mid-range 

initial EF (EF 40-49%) was present at baseline in 13.7% CCS in the derivation cohort and in 5.5% of 

the patients in the validation cohort. CCS with a mid-range EF were exposed to higher anthracycline 

doses compared to CCS with a preserved EF (EF≥50%). Follow-up after the first echocardiogram was 

longer in the derivation cohort (median 10.9 years [8.2-13.1]) as compared to the validation cohort 

(median 8.9 years [5.2-10.9]) (Table 1).
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Figure 1. Flowchart of Patient Inclusion. Flowchart describing the inclusion of childhood cancer survivors (CCS) 

in the derivation and validation cohort. Adult survivors who were previously treated with cardiotoxic cancer 

treatments with at least 2 surveillance echocardiograms performed at more than 5 years from cancer diagnosis 

and with <5 years between each echocardiogram were selected. Survivors with heart failure or an ejection 

fraction <40% before or at the first surveillance echocardiogram were excluded. echo = echocardiogram; EKZ = 

Emma Children’s Hospital; Radboud = Radboud University Medical Center.

Incidence of LVD40 and characteristics of CCS with LVD40 in the derivation cohort

In the derivation cohort, the cumulative incidence of LVD40 at 10-years follow-up after the first 

echocardiogram was 3.7% (11 events, 95% CI 1.4%-5.9%). In six patients, LVD40 was accompanied 

by symptomatic heart failure and 10 patients were treated with heart failure medications. At 

a median follow-up of 7.2 years (25th-75th percentile 6.2-9.7) after the initial EF, 12 CCS died, with 

10 due to cancer, one due to nervous system disease in a patient with a cerebral drain, and one 

had unexplained sudden death without a known cardiomyopathy diagnosis. The cumulative LVD40 

incidence 10 years after the initial EF was significantly higher in CCS with an initial mid-range EF 

(11.0%) compared to CCS with an initial preserved EF (2.6%; Gray’s test p=0.012). In CCS with LVD40, 

the median time from first echocardiogram to LVD40 onset was 7.2 years (25th-75th percentile 

3.8-8.4; range 1.2-12.2) and was not significantly different between CCS with a mid-range EF and those 

with a preserved EF (median 7.2 years [3.3-8.9] versus 6.6 years [4.7-7.7], p=0.085). In multivariable 

analysis adjusted for anthracycline and chest-directed radiotherapy, CCS with an initial mid-range 

EF had a higher risk of LVD40 compared to CCS with a preserved EF (HR 7.8, 95% CI 2.1-29.5) 

(Table 2). All CCS who developed LVD40 were treated with cumulative anthracycline doses ≥100 
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Table 1. Characteristics of the CCS in the derivation and validation cohort

Derivation cohort: 

Amsterdam

Validation cohort: 

Nijmegen P-value

n 299 218

Sex, female 168 (56.2) 109 (50.0) 0.192

Age at cancer diagnosis, y 7.22 [4.01, 11.71] 7.02 [4.00, 12.46] 0.625

Time since cancer diagnosis at first follow-up 

echo, y 

16.74 [11.83, 23.15] 16.95 [12.99, 21.70] 0.512

Age at first follow-up echo, y 24.06 [19.60, 30.71] 22.63 [20.05, 28.06] 0.399

Tumor <0.001

ALL 55 (18.4) 71 (32.6)

AML 14 (4.7) 15 (6.9)

Hodgkin lymphoma 23 (7.7) 30 (13.8)

Non-Hodgkin lymphoma 61 (20.4) 37 (17.0)

Nephroblastoma 46 (15.4) 14 (6.4)

Soft-tissue sarcoma 28 (9.4) 7 (3.2)

Ewing sarcoma 18 (6.0) 14 (6.4)

Osteosarcoma 24 (8.0) 13 (6.0)

CNS tumour 17 (5.7) 4 (1.8)

Germ cell tumour 4 (1.3) 1 (0.5)

Neuroblastoma 2 (0.7) 9 (4.1)

Other 7 (2.3) 2 (0.9)

Anthracyclines 239 (79.9) 214 (98.2) <0.001

Cumulative anthracycline dose, mg/m2 280.00 [180.00, 400.00] 180.00 [150.00, 301.38] <0.001

Chest RT 105 (35.1) 59 (27.1) 0.065

Chest RT dose, Gy 25.00 [18.00, 33.25] 20.00 [18.00, 30.00] 0.406

Anthracyclines and chest RT 45 (15.1) 56 (25.7) 0.004

Mitoxantrone 12 (4.0) 7 (4.2) 1.000

Cumulative mitoxantrone dose, mg/m2 12.00 [12.00, 16.00] 40.00 [20.00, 40.00] 0.003

EF at first follow-up echo 57.10 ± 6.94 61.62 ± 7.11 <0.001

EF 40-49% at first follow-up echo 41 (13.7) 12 (5.5) 0.004

Hypertension 15 (5.0) -

Dyslipidemia 4 (1.34) -

Diabetes Mellitus 2 (0.7) -

Heart failure medication(s) use at first echo 4 (1.3) 3 (1.4) 1.000

Follow-up after the first follow-up echo, y 10.90 [8.19, 13.05] 8.86 [5.22, 10.86] <0.001

Number of follow-up echoes per patient 5.00 [3.00, 6.00] 3.00 [2.00, 4.00] <0.001

Echocardiographic surveillance rate, per 5 y 2.26 [1.96, 2.67] 1.93 [1.57, 2.52] <0.001

Left ventricular dysfunction with EF<40% 

during follow-up

11 (3.7) 7 (3.2) 0.965

Values are n (%), mean ± SD, or median [25th and 75th percentile]. Abbreviations: ALL, acute lymphocytic leukemia; AML, acute 

myeloid leukemia; Chest RT, chest-directed radiotherapy; CNS, central nervous system; Gy, gray; n, number; y, year.

mg/m2 or chest-directed radiotherapy doses ≥15 Gray, corresponding to a moderate or high risk 

according to the cardiomyopathy surveillance guideline.(11) 
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Prediction model development

Lower initial EF increased the risk of LVD40 during follow-up (HR 9.6 per 10 points EF decrease, 

95% CI 2.8-32.6)(Table 2). Addition of initial EF to the prediction model with anthracycline and 

chest-directed radiotherapy dose increased the iAUC from 0.74 (bias 0.018, 95% CI 0.55-0.84) to 

0.87 (bias 0.009, 95% CI 0.71-0.98). The likelihood ratio test comparing the predictive performance 

of the model with EF to the model without EF was highly significant (p<0.001). The model with 

EF showed good calibration at 10-years follow-up (Figure 2). Net reclassification of cases who 

developed LVD40 did not improve significantly with the addition of initial EF (case cNRI 0.15, 95% 

CI -0.55-0.84, Table S4). However, for non-cases (who did not develop LVD40) reclassification 

improved significantly (non-case cNRI 0.50, 95% CI 0.40-0.60). A 10-year predicted risk ≤3% was 

present in 76.3% of CCS and achieved a high sensitivity (89.8%, 95% CI 70.6%-100%) and negative 

predictive value (99.5%, 95% CI 98.6%-100%) with a specificity of 76.2%, 95% CI 70.0%-82.5% and 

a positive predictive value of 12.0%, 95% CI 4.0%-20.0% (Table 3). Results of the inverse probability 

weighted sensitivity analysis were comparable to the main results and are shown in Table S5. In 

another sensitivity analysis, heart failure medication use and presence cardiovascular risk factors 

(hypertension, dyslipidemia and diabetes) at time of the initial EF were not associated with LVD40 

and did not attenuate the association of initial EF with LVD40 (Table S6). 

External validation

In the validation cohort, the cumulative incidence of LVD40 at 10-years follow-up after the first 

echocardiogram was 3.6% (7 events, 95% CI 0.7%-6.4%). With the model developed in the derivation 

cohort, individual 10-year LVD40 probabilities were calculated. The model showed good calibration 

up to a LVD40 probability of 5%, which represented 83.0% of the CCS (Figure 2). The iAUC increased 

from 0.72 (bias -0.003, 95% CI 0.70-0.77) to 0.86 (bias -0.003, 95% CI 0.83-0.89) in the model 

containing initial EF versus the model containing only anthracycline and chest-directed radiotherapy 

dose. A predicted 10-year probability ≤3% was present in 74.8% of the CCS and resulted in a sensitivity 

Table 2. Multivariable Cox regression of potential risk factors for LVD40 during follow-up.

Model without first EF HR (95% CI) P-value

Anthracycline dose (per 100 mg/m2 increment) 1.71 (1.21-2.40) 0.002

Chest-directed radiotherapy dose (per 10 Gy increment) 1.65 (1.20-2.26) 0.002

Model with continuous first EF  

EF at first echocardiogram (per 10 points decrease) 9.62 (2.84-32.57) <0.001

Anthracycline dose (per 100 mg/m2 increment) 1.43 (1.04-1.98) 0.026

Chest-directed radiotherapy dose (per 10 Gy increment) 1.67 (1.21-2.30) 0.002

Model with categorized first EF 

Mid-range versus preserved EF at first echocardiogram 7.81 (2.07-29.50) 0.002

Anthracycline dose (per 100 mg/m2 increment) 1.70 (1.22-2.36) 0.002

Chest-directed radiotherapy dose (per 10 Gy increment) 1.91 (1.34-2.72) <0.001

Abbreviations: CI, confidence interval; EF, ejection fraction; LVD40, left ventricular dysfunction with EF<40%; HR, Hazard ratio;  

Gy, Gray.
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Figure 2. Calibration Plots. Agreement between the predicted 10-year probabilities of a left ventricular ejection 

fraction <40% (LVD40) obtained from the Cox regression model compared with the observed 10-year LVD40 

probabilities in the derivation and the validation cohorts. Predictions from the final multivariable Cox regression 

model including ejection fraction are shown

of 85.1% (95% CI 57.8%-100%), specificity of 77.1% (95% CI 68.0%-86.2%), positive predictive value of 

12.2% (95% CI 1.6%-22.8%) and negative predictive value of 99.3% (95% CI 97.9%-100%)(Table 3).

Predicted probabilities of LVD40 within 10 years in individual survivors with different predictor 

value combinations are shown in the Central Illustration. Survivors in the low and moderate risk 

group according to the IGHG surveillance guidelines with a preserved initial EF (EF 55%) had 

a predicted LVD40 probability ≤3.0%. In contrast, survivors in the low and moderate IGHG risk group 

with a mid-range EF (EF 48%) had a predicted LVD40 probability where the upper 95% CI was >3.0%. 

Our validated prediction model including a surveillance EF, cumulative anthracycline and chest-

directed radiotherapy dose is accessible online at https://risk-of-cardiomyopathy.netlify.com/.

D I S C U S S I O N
In this echocardiographic follow-up study of long-term CCS, we show in two independent cohorts 

that addition of an initial surveillance EF improves the 10-year prediction of LVD40 in CCS and 

accurately identifies low-risk survivors who are unlikely to develop LVD40 within 10 years. This may 

improve the current IGHG recommended risk-stratification for cardiomyopathy, which is based 

solely on anthracycline- and chest-directed radiotherapy dose to estimate risk.(11)  

Previous echocardiographic follow-up studies in long-term CCS were generally limited in 

sample size (range n=28-115) and did not assess the additive predictive value of echocardiography 

together with cancer treatment exposures.(38, 39, 40, 41, 42, 43, 44) We demonstrate for the 

first time in a relatively large cohort of CCS with long-term follow-up, that a mid-range EF (EF 

40-49%) is associated with an almost eight-fold increased risk for LVD40 compared to those with 

a preserved first EF (EF≥50%), a finding that is in line with the risk of asymptomatic LV dysfunction 
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for development of symptomatic heart failure from other causes in the general population (RR 4.6, 

95% CI 2.2-9.8).(6) The fact that 13.7% of the CCS in the derivation cohort and 5.5% of the CCS in 

the validation cohort had a mid-range EF, considerably higher than the LV dysfunction (EF<50%) 

prevalence of 1.7%-3.6% in the general population at age 50-62 years(6), suggests that a large group 

of relatively young CCS are already at an increased risk. 

Implications for surveillance

The IGHG cardiomyopathy surveillance guidelines recommend echocardiographic surveillance 

once every five years in CCS treated with anthracyclines and/or chest-directed radiotherapy.(11) In 

the absence of long-term longitudinal echocardiographic follow-up data, these recommendations 

were based on simulation studies with relative risks of asymptomatic LV dysfunction for heart failure 

and treatment effects obtained from the general population.(45, 46)

Table 3. Time-dependent accuracy measures of the multivariable model including continuous EF at different 

predicted risks cut-offs for LVD40 at 10 years follow-up after the first echocardiogram.

Cutoff* 

(%) 

Actual risk* 

(%)

Positive test 

(%)

Sensitivity (95% 

CI)

Specificity 

(95% CI)

PPV 

(95% CI) 

NPV 

(95% CI) 

Derivation cohort: Amsterdam

1.0 1.1 47.8 89.8 

(70.6-100)

47.5 

(40.2-54.8)

5.8 

(1.9-9.8)

99.2 

(97.7-100)

2.0 2.1 34.1 89.8 

(70.6-100)

63.0 

(55.9-70.0)

8.0 

(2.6-13.5)

99.4 

(98.3-100)

3.0 3.1 23.7 89.8 

(70.6-100)

76.2 

(70.0-82.5)

12.0 

(4.0-20.0)

99.5 

(98.6-100)

4.0 4.0 18.7 89.8 

(70.6-100)

81.8 

(76.1-87.4)

15.1 

(5.2-25.0)

99.6 

(98.7-100)

5.0 4.9 15.4 56.0 

(23.4-88.6)

85.1 

(79.9-90.3)

11.9 

(1.9-22.0)

98.2 

(96.4-100)

Validation cohort: Nijmegen

1.0 0.7 47.2 100.0 (100-100) 59.0 

(48.4-69.6)

8.3 

(1.7-15.0)

100.0 

(100-100)

2.0 1.9 31.7 100.0 (100-100) 71.1 

(61.3-80.9)

11.4 

(2.3-20.5)

100.0 

(100-100)

3.0 3.3 25.2 85.1 

(57.8-100)

77.1 

(68.0-86.2)

12.2 

(1.6-22.8)

99.3 

(97.9-100)

4.0 4.9 20.2 85.1 

(57.8-100)

81.9 

(73.6-90.2)

14.9 

(2.0-27.9)

99.3 

(98.0-100)

5.0 6.6 17.0 85.1 

(57.8-100)

88.0 

(80.9-95.0)

20.8 

(3.0-38.7)

99.4 

(98.1-100)

* Predicted and actual cumulative incidences of LVD40 at 10-years from the first echocardiogram. Abbreviations: CI, confidence interval; 

EF, ejection fraction; LVD40, left ventricular dysfunction with EF<40%; NPV, negative predictive value; PPV, positive predictive value.
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Recently, it has been suggested in a simulation model that cardiomyopathy surveillance is cost-

ineffective in the IGHG low-risk group, representing ~40% of the survivors.(47) Our results in two 

independent CCS cohorts also suggest that LVD40 is very unlikely in low-risk survivors according 

to the IGHG surveillance guideline as no LVD40 events occurred in this risk group during a median 

follow-up of 10.9 in the derivation cohort and 8.9 years in the validation cohort.

In addition, we demonstrate that a surveillance EF obtained at a median of 17 years (25th-75th 

percentile 13-22 years) after cancer diagnosis and a median age of 23 years (25th-75th percentile 

20-28 years), in addition to anthracycline and chest-directed radiotherapy dose, accurately 

reclassifies 50% (95% CI 40-60%) of the CCS who will not develop LVD40 to a lower risk category. 

This means that an initial surveillance EF can refine the risk stratification as recommended by 

the IGHG surveillance guideline, resulting in reclassification of survivors in the IGHG moderate risk 

group to a group at low risk of LVD40 within 10 years (Central Illustration).

We were able to identify a large subgroup representing at least 75% of CCS in the derivation 

and validation cohort with a predicted risk ≤3% who were unlikely to develop LVD40 within 10 years 

Central Illustration. Refinement of the IGHG surveillance guideline risk groups using the EF measured 

with a surveillance echocardiogram. Predicted probabilities for developing left ventricular dysfunction with 

ejection fraction (EF) <40% within 10 years in individual fictional survivors. In colors the risk categories (low, 

moderate, or high) are presented according to the International Late Effects of Childhood Cancer Guideline 

Harmonization Group (IGHG). In each IGHG risk category, the 10-year probability of left ventricular dysfunction 

with EF <40% is compared between a survivor with an initial surveillance EF of 48% and a survivor with an initial 

EF of 55%. Bars represent the risk estimate; error bars represent the 95% confidence interval.
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(NPV 99%, 95%CI 98-100%). This finding implicates that for low- risk CCS with a predicted risk ≤3%, 

obtaining the next surveillance echocardiogram within 10-years may be sufficient. It also means that 

only ~25% of the CCS population determined to be at higher risk need to be screened according to 

the current surveillance protocol, and that the yield of patients with LVD40 within the 10 year follow 

up period will be higher from 1 in 30 patients to 1 in 8 patients screened.

Limitations

Some limitations of our study should be considered. First, echocardiograms obtained before 1999 

were unavailable for analysis and therefore the initial echocardiogram was obtained at varying 

time points after cancer diagnosis (25th-75th percentile 12-23 years) and age of the CCS (25th-

75th percentile 20-30 years). This makes our results applicable to survivors with echocardiograms 

performed at these ages and years after diagnosis. Of note, age at baseline was not associated 

with LVD40 onset (HR 0.99, p=0.859). Second, the Teichholz EF is currently not preferred for 

calculating EF and limits of agreement with biplane EF were relatively large. However, there was 

97% agreement between Teichholz EF and biplane EF on the outcome (LVD40) in our study. Third, 

the number of CCS who developed LVD40 was low which resulted in broad confidence intervals of 

our HR estimates. Fourth, selection bias may have been present in our study as the CCS included 

in the derivation cohort were treated with higher anthracycline doses compared to the CCS not 

included in the study. However, we confirmed our findings in a validation cohort of 218 CCS who 

received lower anthracycline doses (median 180 mg/m2) and in a sensitivity analysis that adjusted 

for the possible influence of selection bias. This underlines the generalizability of our findings to 

lower risk survivors. Lastly, other echocardiographic measurements such as diastolic dysfunction, 

valvular abnormalities and myocardial strain parameters were not evaluated in this study, although 

they may be useful.(48, 49) This is currently being assessed in the Dutch LATER cohort study.(50)

Conclusions

Our results demonstrate that EF measured with a surveillance echocardiogram at a median of 17 

years (25th-75th percentile 13-22 years) from cancer diagnosis and a median age of 23 years (25th-75th 

percentile 20-28 years) has additional predictive value in the risk stratification for a therapeutically 

relevant decreased EF <40%. Our validated model and 10-year risk calculator can be used to classify 

75% of CCS as low-risk for LVD40 within 10 years; less frequent surveillance may be appropriate in 

these survivors.

C L I N I C A L  P E R S P E C T I V E S
Competency in medical knowledge

In childhood cancer survivors at risk for heart failure, a prediction model that includes ejection 

fraction at approximately 13-22 years from cancer diagnosis, in addition to anthracycline and 

chest-directed radiotherapy dose, improves the 10-year prediction of ejection fraction (EF) < 40% 

(LVD40). In addition to the use of this model to identify a large subgroup of CCS with a predicted risk 
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≤3% for LVD40 within 10 years, we determined that a mid-range EF (EF 40-49%) is associated with 

an almost eight-fold increased risk for LVD40 compared to those with a preserved first EF (EF≥50%).

Translational outlook

Larger studies with longer follow-up are needed to assess whether follow-up surveillance 

echocardiograms can be performed at 10 year intervals or even longer periods of time. Moreover, 

other echocardiographic parameters, such as myocardial strain, should be studied to understand 

their predictive value in this population.
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A B S T R AC T
Objective

To systematically review the literature and assess the diagnostic value of biomarkers in detection 

of late-onset left ventricular (LV) dysfunction in childhood cancer survivors (CCS) treated  

with anthracyclines.

Methods

We systematically searched the literature for studies that evaluated the use of biomarkers for 

detection of LV dysfunction in CCS treated with anthracyclines more than one year since childhood 

cancer diagnosis. LV dysfunction definitions were accepted as an ejection fraction <50 or <55% and/

or a fractional shortening <28, <29 or <30%. Contingency tables were created to assess diagnostic 

accuracies of biomarkers for diagnosing LV dysfunction.

Results

Of 1362 original studies screened, eight heterogeneous studies evaluating four different biomarkers 

in mostly asymptomatic CCS were included. In four studies an abnormal N-terminal pro B-type 

natriuretic peptide (NT-proBNP, cut-off range 63 to 125 ng/L) had low sensitivity (maximally 22%) 

and a specificity of up to 97% for detection of LV dysfunction. For troponin levels, in five studies one 

patient had an abnormal troponin value as well as LV dysfunction, while in total 127 patients had LV 

dysfunction without troponin elevations above cut-off values (lowest 0.01 ng/mL). Two studies that 

evaluated brain natriuretic peptide and nitric oxide were underpowered to draw conclusions.

Conclusions

In individual studies, the diagnostic value of NT-proBNP for detection of LV dysfunction in CCS is 

limited. Troponins have no role in detecting late-onset LV dysfunction with cut-off values as low 

as 0.01 ng/mL. Further study on optimal NT-proBNP cut-off values for rule-out or rule-in of LV 

dysfunction is warranted. 
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K E Y  M E S S AG E S
What is already known about this subject?

Long-term childhood cancer survivors treated with anthracyclines are at risk for developing heart 

failure up to decades after anthracycline exposure and are therefore periodically screened for left 

ventricular dysfunction by guideline recommended echocardiograms. At present, biomarkers are 

not recommended for screening of LV dysfunction in long-term CCS.

What does this study add?

In this systematic review of eight studies we show that the biomarkers NT-proBNP and troponins 

have a limited diagnostic value for detection of late-onset left ventricular systolic dysfunction in 

CCS treated with anthracyclines. Other biomarkers are insufficiently studied to draw conclusions.

How might this impact on clinical practice?

The results of our systematic review should discourage the routine use of biomarkers in  

the screening for late-onset left ventricular systolic dysfunction in childhood cancer survivors 

treated with anthracyclines.
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I N T R O D U C T I O N
Every year an estimated total of 20,000 children are diagnosed with cancer in Europe.(1) Due to 

better treatment options for childhood cancer the five-year survival rate has increased dramatically 

over the last decades and currently exceeds 80%.(2) As a result of this improved prognosis, 

a considerable part of these children nowadays become long-term survivors. It is estimated that 1 

in 680 people is a childhood cancer survivor (CCS) in the United States.(3) Along with this growing 

number of CCS there is an increase in late effects of cancer therapies.(4) 

Anthracycline derivatives are used in 60% of all children with cancer(5) and are well known for 

their dose dependent cardiotoxic side effects with the most important one being left ventricular 

(LV) dysfunction ultimately leading to congestive heart failure.(6, 7, 8) Three types of anthracycline 

related LV dysfunction are defined in time.(9) 1) Acute cardiotoxicity leading to a reversible 

decline in LV function within two weeks after anthracycline infusion. 2) Early onset progressive 

cardiotoxicity occurs during or within the first year after treatment. This cardiotoxicity is thought 

to be irreversible, related to cardiomyocyte damage resulting in progressive LV dysfunction. 3) 

Late-onset cardiotoxicity occurs more than one year after treatment and is thought to be caused 

by initial damage to cardiomyocytes resulting in harmful compensation mechanisms leading to LV 

dysfunction up to decades after anthracycline exposure.(9) This review will focus on late-onset LV 

dysfunction starting more than one year after anthracycline treatment in CCS. 

Late-onset LV dysfunction ten to fifteen years after anthracycline treatment occurs in nearly 

30% of this relatively young population of CCS, defined as a fractional shortening (FS) <30%.(7) 

Moreover, in 30 years one in eight has overt heart failure which requires treatment.(8) In the general 

population, early treatment of patients with asymptomatic LV dysfunction with angiotensin 

converting enzyme (ACE) inhibitors reduces mortality and incidence of heart failure.(10) Detecting 

LV dysfunction following anthracycline chemotherapy in the asymptomatic phase may reduce 

long-term morbidity and mortality as overt heart failure may be prevented by providing treatment 

with ACE inhibitors, although more evidence is still needed on the benefit of ACE inhibitors in 

the presence of LV dysfunction in this specific population.(6)   

Echocardiography is the imaging modality of choice to detect LV dysfunction in long-term CCS. 

The current guidelines for the screening of LV dysfunction in CCS recommend echocardiography 

with a screenings interval of 5 years or shorter, depending on risk factors for LV dysfunction such as 

cumulative anthracycline dose (CAD), age during treatment, gender and concomitant radiotherapy.

(6, 11)  In the general population screening for asymptomatic LV dysfunction has been performed 

using natriuretic peptides (NT-proBNP and BNP).(12) Biomarkers such as natriuretic peptides show 

potential in early detection of LV dysfunction in CCS.(13, 14, 15) In children and adults, a rise in cardiac 

troponins during or shortly after anthracycline treatment, indicating cardiomyocyte damage, 

may serve as a predictor for future LV dysfunction.(16, 17) In late-onset cardiotoxicity the utility 

of biomarkers such as natriuretic peptides and troponins in detection of LV dysfunction is still 

evolving.(6, 14) In this systematic review we aimed to evaluate the diagnostic value of biomarkers to 

detect late-onset LV systolic dysfunction as measured by ejection fraction (EF) or FS, in long-term 

CCS treated with anthracyclines.
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M E T H O D S
Literature search and eligibility criteria

Pubmed, EMBASE and the Cochrane library were systematically searched for original studies on 

biomarkers and LV dysfunction in survivors of childhood cancer treated with anthracyclines 

more than one year after treatment. The full search strategy is provided in supplementary file 1. 

The reference list of included articles was manually screened for additional studies.

Two reviewers (SV, WK) independently screened these studies. Excluded were reviews, animal 

studies, studies with patients having their primary cancer diagnosis above 21 years of age, studies 

that lacked or did not define LV dysfunction by an EF or FS cut-off (see definitions) and studies 

with an unknown number of patients with LV dysfunction. Further excluded were studies that 

did not perform biomarker sampling and echocardiography within one month and studies with 

a duplicated patient cohort. Studies combining early (<1 years) and late-onset (>1 year) detections 

of LV dysfunction were included but were described separate in the tables.

Quality assessment

Critical appraisal of the included studies was performed by two reviewers using the Standards for 

Reporting Diagnostic Accuracy 2015 (STARD 2015) checklist(18)(Supplementary file 2). Uncertainties 

were discussed with a third person. This review was conducted following the criteria from 

the preferred reporting items for systematic reviews and meta-analyses (PRISMA) guideline(19) 

(Supplementary file 3).

Definitions

Late-onset cardiotoxicity was defined as LV systolic dysfunction occurring more than one year after 

treatment. LV systolic dysfunction in studies was accepted as such when defined as an EF <50% or 

<55% and/or a FS <28%, <29% or <30% measured by echocardiography. Biomarker cut-off values were 

noted and defined as abnormal if stated in the study.

Data extraction

From the included studies number of patients, age at time of childhood cancer diagnosis, age 

at time of study, time since last treatment, gender, type of chemotherapy, CAD, radiotherapy 

exposure, cardiac symptoms or medication, LV dysfunction definition and prevalence, evaluated 

biomarkers, biomarker cut-off values and number of patients with an abnormal biomarker were 

manually collected by two investigators independently (JL, SV).

Statistical analysis of the data

To measure the diagnostic accuracy of each biomarker to detect LV dysfunction contingency 

tables were created and sensitivity (true positives/true positives+false negatives), specificity 

(true negatives/true negatives+false positives), positive predictive value (PPV, true positives/true 

positives+false positives), negative predictive value (NPV, true negatives/true negatives+false 
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negatives) were calculated. Likelihood ratios (LR+ and LR-) were calculated using the formulas: 

LR+=sensitivity/1-specificity and LR-=1-sensitivity/specificity. For an thorough overview on 

these metrics we refer the reader to one of the following articles.(20, 21, 22) Accompanying 95% 

confidence intervals were calculated by the efficient-score method.(23)

R E S U LT S
By searching the literature we identified 1494 studies (figure 1). In addition, three studies were 

manually found by searching the references.  After removing 105 duplicate records, 1392 studies 

underwent title and abstract screening. Full-text screening was intended in 25 studies. However, 

of one study, a translation was requested but not received(24) and another study only had an 

abstract available.(25) Main reasons for exclusion of full-text studies were: An absent or different LV 

dysfunction definition not defined by an EF or FS cut-off, exclusion of patients with LV dysfunction, 

an unknown number of patients with LV dysfunction or time since anthracycline treatment of less 

than one year in all patients. Finally, eight cohort studies with in total 691 CCS at a median of 0.9 to 

18.2 years since anthracycline treatment were included (median dose 165-480 mg/m2) evaluating 

four different biomarkers (table 1). Applying the STARD 2015 checklist, it was notable that none of 

Figure 1. Study inclusion flow chart.
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the studies were identified as a diagnostic accuracy study and no diagnostic accuracies of biomarkers 

for the diagnosis of LV dysfunction were reported. Also, three studies did not report biomarker 

cut-off values impairing the use of contingency tables in these studies(26, 27, 28) (Supplementary 

file 2). Three studies did not exclude symptomatic patients and patients on heart failure medication 

(15, 26, 29) and one study excluded patients with CAD <400 mg/m2 (table 1).(30) 

NT-proBNP 

Five studies with a total of 575 patients measured NT-proBNP levels in anthracycline exposed 

patients (table 2). Significant heterogeneity was present in median follow up duration (between 7.1 

and 18.2 years) and in median CAD (ranged from 180 to 225 mg/m2). LV dysfunction was present in 

0-37% of the study populations with one study having no patients with LV dysfunction.(28) Cut-off 

values for NT-proBNP levels varied from 63 ng/L in males and 116 ng/L in females(29) to 125 ng/L 

in males and females.(15) Cut-off values for children were defined in the studies as age and sex 

specific values previously reported by Nir(29, 31, 32) and Albers.(13, 33) Also, sex and age specific 

cut-off values defined by Fradley(34) (ranging from 42.5-106.4 ng/L in males and 111.0-215.9 ng/mL 

in females depending on age) were used.(32) Abnormal NT-proBNP values were seen in 5.3% up to 

13% of the patients, we did not observe a relation with NT-proBNP cut-off values (table 2). In four of 

five studies patients with LV dysfunction were present and these studies were used for diagnostic 

accuracy analysis.(13, 15, 29, 32) Sensitivities (14-22%) and PPVs (13-50%) were low in the four studies, 

while demonstrating higher specificities (88-97%) and NPVs (65-90%). Likelihood ratios for having 

LV dysfunction with an abnormal NT-proBNP value (LR+) were 1.70-6.67 and likelihood ratios for 

having LV dysfunction with a normal NT-proBNP level (LR-) were 0.83-0.93 (table 2). Of note, 

confidence intervals of the diagnostic accuracy estimates were wide in all four studies (table 2). 

A meta-analysis was not performed because of heterogeneity in the presented studies.

Troponins

Five studies with a total of 423 patients were included using various troponin assays in the detection 

of LV dysfunction in CCS (table 3). Median CAD ranged from 180-480 mg/m2 and time since last 

treatment varied between 1-18.2 years. LV dysfunction prevalence ranged between 7.4% and 36.5%. 

Abnormal troponins (cut-off values for troponin T between 0.01 and 0.014 ng/mL , and for troponin 

I 0.03-0.04 ng/ml) were seen in only 5 of all 423 patients. Only one of these 5 patients showed LV 

dysfunction(30) and a troponin T > 0.01 ng/mL while in the total population LV dysfunction was 

present in 128 patients. Troponin testing in this single study had very limited sensitivity (50%; 95% 

CI 3, 97%) and PPV (33%; 95% CI 2, 87) with higher specificity (91%; 95% CI 69-98) and NPV (95%; 

95% CI 74, 99). The LR+ and LR- for this study were 5.49 (95% CI 0.81, 37.32) and 0.55 (95% CI 0.14-

2.22) respectively. Two studies used high sensitive troponin T measurements(29, 32) with the lowest 

cut-off value of 0.0135 ng/mL but no abnormal troponins were present in these studies.
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BNP

Only one study was included studying BNP in 63 patients.(26) Higher BNP values were present in 

CCS with a FS<29% compared to CCS with a FS>29% (32.4 ± 34.9 vs. 15.6 ± 12.4 pg/mL, p<0.008) but no 

cut-off values or contingency tables were provided.(26)

Nitric Oxide

One study(27) measured plasma total nitrite levels, a stable product of nitric oxide (NO), 10.5 months 

(range 2-37.4) since last anthracycline treatment in 29 children. LV dysfunction defined as an EF<55% 

and/or FS<30% was present in 10.3% of the patients and this was related to significantly higher nitrite 

levels compared to matched healthy controls (92.35 ± 50.36 vs 59.26 ± 13.56 μmol/L, p=0.038). 

D I S C U S S I O N
In this systematic review we show that the diagnostic value of biomarkers to detect LV dysfunction in 

CCS is limited at the presented cut-off values and are overall not yet suited for either excluding (rule-

out) or confirming (rule-in) LV dysfunction. Although biomarker screening has been advocated by 

some(35), we show that the current literature does not yet provide evidence to implement routine 

biomarker screening in the surveillance of CCS at risk for LV dysfunction. 

NT-proBNP

In our review, NT-proBNP is the best studied biomarker for the detection of LV dysfunction in CCS 

with a limited diagnostic accuracy (table 2). Our finding of low sensitivities and PPVs and higher 

specificities and NPVs for detection of LV dysfunction in long-term CCS is in line with previous 

reviews.(6, 14) Considering the consequences of missing patients with LV dysfunction, the NPV 

of NT-proBNP must be at least 98% to rule-out LV dysfunction and defer an echocardiogram(36) 

Therefore, with the presented cut-off values, NT-proBNP is not useful to rule-out LV dysfunction. At 

the same cut-off values NT-proBNP is not yet suited for rule-in purposes, as specificity ranges from 

88-97% implying significant rates of false positives. 

The limited diagnostic accuracy of NT-proBNP for detection of LV dysfunction might be partly 

explained by the LV dysfunction definitions used in the included studies, similar to findings in 

the general population.(12) In the general population <65 years of age the diagnostic accuracy of 

NT-proBNP for detection of an EF<50% is very limited compared to the detection of an EF<40% 

(area under the curve of 0.88 and 0.56 respectively).(12) NT-proBNP might also prove more 

useful in diagnosing an EF<40% in CCS treated with anthracyclines. This is an interesting subject 

for future studies because diagnosing an EF<40% in CCS is meaningful as this has implications 

for initiating treatment with heart failure therapies.(37) Also, in the general population <65 years 

of age the optimal NT-proBNP cut-off value of 59 ng/L for diagnosing an EF<50%(12) is lower than 

the cut-off values used in the included studies and corresponded to a higher sensitivity of 62.2%, 

at the cost of a lower specificity of 61.3% compared to sensitivities and specificities reported in 

our review. In future studies separate optimal age and sex adjusted cut-off values for rule-out and 
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rule-in of LV dysfunction in CCS should be tested, as is also done for the diagnosis of acute heart 

failure in the emergency department.(36)

Optimal NT-proBNP cut-off values to rule-out and rule-in LV dysfunction may not only vary by 

age and sex, but also by individual pre-test probabilities of LV dysfunction because predictive values 

of a diagnostic test are dependent on the prevalence of disease.(20) We noticed a wide spread in 

the prevalence of LV dysfunction in the included studies ranging from 7.4% to 36.8%, probably due 

to patient selection, differences in CAD  and differences in definitions of LV dysfunction (table 2).  

Indeed, NPVs were high (89 to 93%) in three of the four studies with the lowest prevalence of LV 

dysfunction (7.4-13.3%)(13, 29, 32) and lower (NPV 65%) in the study with the highest prevalence 

(36.8%).(15) To account for such heterogeneity in the populations, individual pre-test probabilities 

for LV dysfunction should be taken into consideration when using NT-proBNP to diagnose LV 

dysfunction in CCS and can be estimated by traditional risk factors for anthracycline related 

cardiotoxicity such as sex, age at diagnosis, follow-up duration and CAD and radiotherapy dose.(38) 

Subsequently, the likelihood ratio can be used to calculate individual post-test probabilities of LV 

dysfunction. Likelihood ratios above 10 or below 0.1 may be regarded as strong.(22) The likehood 

ratios we report for NT-proBNP are therefore moderate and need improvement before NT-proBNP 

testing can play a role in the surveillance for late-onset LV dysfunction in CCS.  

Troponins

Troponins are markers for cardiomyocyte damage and may predict heart failure and cardiovascular 

death in the population using very low cut-off values.(39) Troponins measurements during or 

shortly after anthracycline treatment may be useful for prediction of future LV dysfunction.

(16) For detection of late-onset LV dysfunction in CCS  the position of troponins in detection of 

cardiotoxicity is less clear. In the five included studies troponins in the presence or absence of LV 

dysfunction are rarely elevated, even though cut-off values in these studies were as low as 0.01 

ng/mL or 0.013 ng/ml with the newest high sensitivity assays. Therefore, there appears to be no 

potential in detecting LV dysfunction with the present troponin assays. This is in line with previous 

reports.(6, 14) Possibly troponins may be of use for risk stratification using very low cut-off values of 

troponin for development of LV dysfunction in long-term CCS.(39)

Other biomarkers

The few studies on BNP and NO were too limited in patient number to draw conclusions. 

Identification of new biomarkers for detection of late-onset LV dysfunction in an early stage in CCS 

treated with anthracyclines is an interesting subject for future studies. Especially, biomarkers that 

relate to the mechanisms of late-onset anthracycline induced LV dysfunction.

Strengths and limitations 

Our systematic review provides a new overview of the literature in an emerging field of biomarkers 

with respect to the detection of LV dysfunction in CCS. However, some limitations must be 

mentioned. Based on the heterogeneity of the included studies regarding LV dysfunction definitions 
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and biomarker cut-off values performing a meta-analysis was not appropriate. An individual patient 

data analysis is needed to define optimal biomarker cut-off values with a uniform LV dysfunction 

definition and will be performed by us for NT-proBNP in the near future. The aim of our review 

was to compare biomarkers levels with the presence of LV systolic dysfunction as measured by EF 

or FS, while other parameters indicating milder forms of LV dysfunction such as diastolic function 

parameters, myocardial strain parameters and interstitial fibrosis measurements derived from 

cardiac MRI may also be compared to biomarker tests. However, we chose to compare biomarkers 

to the LV systolic dysfunction parameters EF and/or FS because these are the most widely used 

parameters for detection of cardiotoxicity in CCS(6, 11) with consequences for initiating heart failure 

therapies.(6, 37) 

Implications for clinical practice and future research 

Our results, showing that none of the biomarkers at present cut-off values can safely rule-in or 

rule-out LV dysfunction in CCS, discourages the routine use of biomarkers in the surveillance of CCS 

treated with anthracyclines. Furthermore, our review serves as an incentive for more research on 

optimal biomarker cut-off values and for the identification of new biomarkers that can accurately 

exclude or confirm LV dysfunction.

C O N C L U S I O N S
The biomarkers NT-proBNP and troponins have limited diagnostic value to detect late-onset LV 

dysfunction in CCS at the presented cut-off values and are not useful in the screening of long-term 

CCS treated with anthracyclines. Other biomarkers have not been sufficiently studied in long-term 

CCS to draw conclusions regarding their diagnostic value.
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A B S T R AC T
Background

Cancer therapy-related cardiac dysfunction and heart failure are major problems in long-term 

childhood cancer survivors (CCS). We hypothesize that assessment of more sensitive echo- and 

electrocardiographic measurements, and/or biomarkers will allow for improved recognition of 

patients with cardiac dysfunction before heart failure develops, and may also identify patients at 

lower risk for heart failure.

Objective

To describe the methodology of the Dutch LATER cardiology study (LATER CARD).

Methods

The LATER CARD study is a cross-sectional study in long-term CCS treated with (potentially) 

cardiotoxic cancer therapies and sibling controls. We will evaluate 1) the prevalence and associated 

(treatment related) risk factors of subclinical cardiac dysfunction in CCS compared to sibling controls 

and 2) the diagnostic value of echocardiography including myocardial strain and diastolic function 

parameters, blood biomarkers for cardiomyocyte apoptosis, oxidative stress, cardiac remodeling 

and inflammation and ECG or combinations of them in the surveillance for cancer therapy-related 

cardiac dysfunction. From 2017 to 2020 we expect to include 1,900 CCS and 500 siblings.

Conclusions

The LATER CARD study will provide knowledge on different surveillance modalities for detection of 

cardiac dysfunction in long-term CCS at risk for heart failure. The results of the study will enable us 

to improve long-term follow-up surveillance guidelines for CCS at risk for heart failure.
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I N T R O D U C T I O N
The long-term survival of childhood cancer has increased considerably over the last few decades. 

With a 5-year overall survival of more than 80%(1), the majority of childhood cancer patients 

nowadays will become long-term survivors. Unfortunately, the improved survival is accompanied 

by the occurrence of late adverse effects of treatment(2, 3). The cardiotoxic side effects of 

certain cancer treatments such as anthracyclines and chest directed radiotherapy are well-

known and include heart failure, arrhythmias, coronary artery disease, valvular abnormalities and  

pericardial disease(4). 

Of these cardiotoxic side effects, cancer therapy-related heart failure in childhood cancer 

survivors (CCS) is the most frequently encountered problem: almost 5% of all CCS develops clinical 

heart failure within 40 years after childhood cancer diagnosis(5). Moreover, mortality due to heart 

failure is six-fold higher in long-term CCS as compared to the general population and treatment 

related cardiac death is the leading cause of death after malignancies(6, 7). 

Before clinical heart failure, a larger proportion of long-term CCS have a subclinical decline in 

left ventricular (LV) systolic function. The prevalence of subclinical LV systolic dysfunction varies in 

the literature, and is about 30% in different follow up periods when defined as a two-dimensional 

ejection fraction (EF) <50% or fractional shortening (FS) <30%(3, 8). In a recent study, prevalence 

of LV dysfunction was only 5.8% after a median follow up of 23 years but in that study LV systolic 

dysfunction was defined with more constraint as a three-dimensional EF <50%(9). The Dutch 

surveillance guideline for long-term CCS defines cancer therapy-related cardiac dysfunction as a FS 

<30% or EF<50%(10).

Established treatment related risk factors for heart failure and subclinical LV systolic dysfunction 

in CCS are higher cumulative anthracycline doses (in a non-linear fashion with no safe dose 

threshold), higher cumulative mitoxantrone dose and chest directed radiotherapy (especially in 

combination with anthracyclines)(2, 3, 11). The type of anthracycline analogue and anthracycline 

infusion duration might also play a role(12-16). 

Surveillance for subclinical cardiac dysfunction may prevent further deterioration of LV function 

by timely initiating heart failure therapies(17, 18). 

Currently, EF measured by two-dimensional echocardiography is the main parameter used in 

the surveillance for cancer therapy-related cardiac dysfunction and for clinical decision making in 

CCS(16, 19). However, the usefulness of EF is limited by a large variability of 10%(20). 

In the general population myocardial strain imaging emerges as a valuable tool to detect 

subclinical LV dysfunction that is superior in predicting heart failure and all-cause mortality 

compared to two-dimensional EF(21-23). The prevalence of  global longitudinal strain abnormalities 

in CCS with a preserved three-dimensional ejection fraction was 28% in a cohort study in 1,820 CCS 

at a median of 23 years after cancer diagnosis(9). 

Another echocardiographic tool next to LV systolic dysfunction determined by 2D 

echocardiography is LV diastolic dysfunction which is encountered in 9-21% of long-term CCS, with 

severe dysfunctions mainly after (additional) chest directed radiotherapy(8, 9, 24). Also, diastolic 

dysfunction is a predictor of future heart failure in the general population(25, 26). 
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Studies have been performed that identified blood biomarkers that can detect subclinical 

cancer-treatment related cardiac dysfunction(16). However, blood biomarkers are not yet 

recommended in the surveillance for cardiac dysfunction in long-term CCS(10, 16). Recently, we 

reviewed the literature on blood biomarkers for the diagnosis of LV dysfunction in long-term 

CCS and showed that NT-proBNP and troponins have a limited diagnostic value, which underlines 

the need to find more accurate biomarkers(27).

The ability of ECG parameters to early detect cancer therapy-related cardiac dysfunction in CCS 

remains unknown(16, 28). Several studies in long-term CCS describe a high incidence and variety 

of electrocardiographic abnormalities(29). Major ECG abnormalities were predictive for cardiac 

and all-cause mortality in a large CCS cohort but were not compared with echocardiographic 

abnormalities(30). In a smaller long-term CCS cohort, ECG abnormalities (mainly conduction 

disorders, high amplitude R waves and sinus bradycardia) were not predictive for echocardiographic 

abnormalities(28). However, only one of these 340 CCS had evidence of systolic LV dysfunction with 

an EF<50% and strain parameters were not measured. 

There are still gaps in knowledge that needs to be addressed in order to improve the surveillance 

for cardiomyopathy in CCS(16). These gaps include 1) the use of echocardiographic parameters 

for early detection of cardiomyopathy, 2) the accuracy of biomarkers and ECG parameters to 

diagnose subclinical cardiac dysfunction, 3) the cardiotoxicity of non-anthracycline containing 

chemotherapy, such as high-dose cyclophosphamide, ifosfamide and vincristine(3, 5, 13), 4) the role 

of genetics in the susceptibility for cardiomyopathy and 5) the combined use of blood biomarkers, 

ECG and echocardiography for the detection of subclinical cardiac dysfunction. 

Considering these knowledge gaps, more information from echocardiography including 

myocardial strain, blood biomarkers (including genetics) and ECG measurements for the early 

detection of cardiac dysfunction in CCS and their associations with cancer treatment exposures is 

needed. In this paper we will describe the methodological aspects of the Dutch LATER cardiology 

study (LATER CARD) project that focusses on subclinical cardiac dysfunction in CCS who received 

(potential) cardiotoxic cancer treatment(s) as detected by echocardiographic parameters including 

myocardial strain, blood biomarkers and ECG parameters.

M E T H O D S
Funding

The LATER CARD study is supported by grants from the Dutch Heart Foundation (CVON2015-21) and 

Kika/ODAS (grant 171 ‘DCOG LATER program’).

Objectives

The main objectives of the LATER CARD study are to evaluate 1) the prevalence and associated 

(treatment related) risk factors of subclinical cardiac dysfunction in CCS compared to sibling 

controls and 2) the diagnostic value of echocardiography including myocardial strain and diastolic 

function parameters, blood biomarkers and ECG or combinations of them in the detection of cancer 

therapy-related cardiac dysfunction.
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The LATER CARD study is subdivided into six work packages (WPs) with different objectives that 

support the main objective. WP1 consists of the data collection management that is required for 

the other WPs and does not address a specific research question. In WP2 we will study the prevalence 

and treatment related risk factors for subclinical systolic cardiac dysfunction including strain and 

diastolic LV dysfunction identified by echocardiography. WP3 concerns the prevalence of blood 

biomarker abnormalities and associated treatment related risk factors. In WP4 the prevalence 

and associated treatment related risk factors of abnormal ECG measurements will be studied. 

The diagnostic tools studied in WP 2, 3 and 4 will then be compared with respect to their diagnostic 

value in detecting subclinical cardiac dysfunction (see “Definitions” below). WP5 will study the gender 

differences in the prevalence of subclinical cardiac dysfunction, abnormal blood biomarker values 

and ECG abnormalities. In WP6 the results of all other WPs will be combined to formulate guideline 

recommendations for the cardiac surveillance of long-term CCS.

Study design

The Dutch LATER CARD study, is part of the Dutch Childhood Cancer Survivors Study LATER 2 study, 

a cross-sectional study of a retrospective nationwide cohort of 5-year CCS (Figure 1 and 2). The LATER 

study is a collaboration between 7 pediatric oncology centers in the Netherlands (Amsterdam 

University Medical Center (VU Medical Center and Academical Medical Center), Leiden University 

Medical Center, Erasmus Medical Center, University Medical Center Groningen, Radboudumc and 

University Medical Center Utrecht/Wilhelmina Children’s Hospital/Princess Máxima Center for 

Figure 1. Flowchart of potentially eligible patients in the LATER CARD study. Cancer diagnosis dates of CCS in 

the LATER CARD study were between 1963 and 2001. Patient enrollment in the DCOG-LATER CARD study started 

in February 2017 and we are planning to include participants until March 2020.
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Pediatric Oncology) and includes a close collaboration with experts for specific health problems. 

The study protocol was approved by the medical ethic boards of all participating centers.

Study population

Informed consent is being obtained from all participants before study inclusion. The study 

population is obtained from the Dutch LATER nationwide cohort (n=6,165), including all 5-year CCS 

diagnosed before the age of 18 years, between 1/1/1963 and 12/31/2001 with a malignancy according 

to the third edition of the International Classification of Childhood Cancer(31). We only include CCS 

who were living in the Netherlands at the time of childhood cancer diagnosis and who were treated 

in one of the Dutch pediatric oncology centers. 

In the LATER CARD study, we will include CCS from the LATER cohort who were treated with 

(potentially) cardiotoxic cancer treatments. The LATER CARD study will include four risk groups; risk 

group 1 (no maximum number): CCS who received anthracyclines, mitoxantrone, or chest directed 

radiotherapy; risk group 2 (max n=100): cyclophosphamide only (no anthracyclines, mitoxantrone, 

Figure 2. Study design of the LATER CARD study. The LATER CARD study is sub-divided in workpackages (WPs). 

WP1 consists of the data collection that is needed for the other WPs. The results of WP 2,3,4 and 5 will be used to 

improve the long-term follow-up guideline (WP6).
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or chest directed radiotherapy, ifosfamide or vincristine); risk group 3 (max n=100): ifosfamide 

only (no anthracyclines, mitoxantrone, or chest directed radiotherapy, cyclophosphamide or 

vincristine); risk group 4 (max n=100): vincristine only (no anthracyclines, mitoxantrone, or chest 

directed radiotherapy, ifosfamide or cyclophosphamide). 

As a comparison group 500 healthy siblings recruited from the participants will be included 

(Figure 1). We chose for siblings as the comparison group because they are of approximately 

the same age and share a partially common background risk for cardiac disease based on genetic 

make-up and early life influences.

Study timeline

Patient enrollment in the LATER CARD study started in February 2017 and we are planning to include 

participants until 2020. We aim to finish all the analyses in January 2022. The specific timeline per 

WP is displayed in Figure 3.

Definitions 

LV systolic dysfunction will be defined as a biplane EF<52% for males and a biplane EF<54% for females, 

in accordance with the European Association of Cardiovascular Imaging recommendations(32). 

Specific subgroups of LV dysfunction will be defined: Mid-range EF (EF 40-51% for males and EF 

40-53% for females) and reduced EF (EF<40%).

LV diastolic dysfunction will be defined as grade >I diastolic dysfunction according to 

the European Association of Cardiovascular Imaging recommendations(33). 

Abnormal myocardial strain values will be defined based on age, sex and vendor specific normal 

values and the values obtained in the sibling controls(34).

Figure 3. Timeline of the LATER CARD study and the different work packages (WP).
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Data collection

The LATER CARD project is one of the 15 projects in the LATER study, each investigating different organ 

systems/topics (e.g. pulmonary, bone, cardiac, psychosocial, psychosexual). All study participants 

of the LATER CARD study will be invited once to the outpatient clinic in one of the pediatric oncology 

centers. A research physician will collect the following data for the LATER CARD study:1) Medical 

history including family history of cardiovascular diseases, presence of hypertension, diabetes, 

hypercholesterolemia and life style factors such as alcohol use and smoking. 2) A comprehensive 

medical history including questions regarding dyspnea, chest pain, palpitations, dizziness, 

fainting episodes and peripheral edema. 3) Diagnostic tests: height and weight, blood pressure, 

echocardiographic measurements including measurements from the previous echocardiogram (if 

available), blood for biomarker sampling and a resting ECG. All data will be anonymized and stored 

in a central database.

Echocardiography

A standardized echocardiogram, will be performed in all CCS and sibling controls included 

in the LATER CARD study in the participating centers. Standard measurements (including LV 

dimensions, LV mass, FS, biplane EF, right ventricular dimensions and function, systolic pulmonary 

artery pressure, valve abnormalities, and diastolic function measurements) will be performed by 

experienced sonographers. In one of the participating centers 3-dimensional EFs will be measured. 

Additional echocardiographic views are obtained for strain analysis in the corelab. All measurements 

will be anonymized and saved on disc (DICOM format). The analyses will centrally be interpreted 

by the echocardiography corelab in the Radboudumc in Nijmegen, the Netherlands. The standard 

measurements will be reviewed and corrected by the corelab and additional measurements will be 

performed (including radial, circumferential and longitudinal systolic strain and strain rate, biplane 

EF, left atrial volume index and diastolic parameters including tissue Doppler imaging).

Blood sampling

In all CCS and siblings included in the LATER CARD study, venous blood (divided in plasma and cell 

portions) will be collected and stored at -80 degrees Celsius in the LATER biobank in Utrecht. Blood 

sample storage will be available for future biomarker evaluation including the evaluation of genetic 

susceptibility for cardiac dysfunction. 

A panel of 184 protein biomarkers from different biological processes will be evaluated in a case-

control study in a subset of the LATER CARD study: markers of myocardial cellular damage/apoptosis, 

markers of hemodynamic load, markers of inflammation, markers of renal dysfunction/damage, 

markers of neurohormonal activation, markers of oxidative stress, markers of collagen turnover/

remodeling, markers of platelet activation/thrombosis, markers of endothelial dysfunction, 

markers of anabolic status and markers of nutritional status (Supplementary Table 1)(35). N-terminal 

prohormone of brain natriuretic peptide (NT-proBNP) and biomarkers identified in the case-control 

study will be evaluated in the LATER CARD cohort for their diagnostic value in detecting (subclinical) 

LV systolic dysfunction and LV diastolic dysfunction. Genetic analysis will include a genome wide 
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association study to identify susceptibility loci for cancer-therapy related cardiac dysfunction. 

In addition, we will evaluate the prevalence of genetic variants that are associated with dilated 

cardiomyopathy in CCS with cancer-therapy related cardiac dysfunction and their contribution in 

the risk-stratification of CCS. 

ECG

In all CCS included in the LATER CARD study and sibling controls, a 12-lead resting ECG will 

be performed. ECGs will be stored centrally and will be analyzed by the corelab according to 

the Minnesota criteria(36).

Statistical analysis

Power analyses

The power calculations are performed with a power set at 80% and alpha set at 0.05. To detect 

a clinical significant difference in proportion of subjects with subclinical LV systolic dysfunction 

(assuming a proportion of 10% in CCS and 1.5% in the sibling controls) we need n=128 in each group. 

We assume that 13% of the CCS and 2.5% of the sibling controls will have abnormal NT-proBNP 

values, adjusted for age and sex(37, 38). Therefore, to detect a significant difference in proportion 

of abnormal NT-proBNP values between the CCS and the sibling controls we need n=108 in each 

group. To detect a clinically significant difference in proportion of major ECG abnormalities of 10% 

(estimated proportion in the sibling controls 2.8%(39)) between the CCS and the sibling controls we 

need n=112 in each group. However, because we aim to perform subgroup analyses according to risk 

factors (gender, cancer treatment) more CCS and sibling controls will be included.

Prevalence analyses

The prevalence of LV systolic dysfunction (defined as a biplane EF<52% for males and <54% 

for females(32)), LV diastolic dysfunction (grades according to the European Association of 

Cardiovascular Imaging(33)) and abnormal myocardial strain (age, sex and vendor based normal 

values(34)) will be reported and compared between the different risk groups and with the sibling 

controls with the X2 test. Likewise, the prevalence of abnormal candidate blood biomarkers and 

major and minor ECG abnormalities (according to the Minnesota criteria(36)) will be reported. 

Risk factor analyses

Risk factor analyses for LV systolic dysfunction, LV diastolic dysfunction, myocardial strain 

abnormalities, abnormal blood biomarkers findings and abnormal ECG measurements will be 

evaluated using separate multivariable logistic regression models including cancer treatment(s), 

follow-up time, sex, age at diagnosis, lifestyle factors (including smoking, alcohol consumption) 

and comorbidities (including hypertension, overweight, diabetes, hypercholesterolemia). 

The association between cancer treatment exposures and echocardiographic measurements 

(including EF, strain and diastolic function), blood biomarker values and ECG measurements will be 

evaluated with multivariable linear regression models. 
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Diagnostic accuracy analyses

The association between echocardiographic indices, blood biomarker values and ECG parameters 

will be tested in linear regression models. The diagnostic value of blood biomarkers and ECG 

parameters to detect LV systolic dysfunction, LV diastolic dysfunction or strain abnormalities will be 

evaluated with cut-off points derived from receiver operating characteristic curves. Optimal cut-off 

points for confirming or excluding the presence of LV systolic dysfunction, LV diastolic dysfunction 

or strain abnormalities will be reported with the sensitivity, specificity, positive predictive value and 

negative predictive value.”

Subgroup analyses

Subgroup analyses will be performed in CCS without a (previous) diagnosis of congestive heart 

failure (as defined by the European Society of Cardiology heart failure guideline)(19). To detect early 

markers for subclinical cardiac dysfunction subgroup analyses will be performed in asymptomatic 

CCS with a normal LV function at the previous echocardiogram (within 5 years, if available) and 

without symptoms of heart failure. Additional subgroup analyses will be performed for males and 

females to evaluate gender differences in prevalence and risk factors for cardiac dysfunction. Non-

normally distributed variables will be log-transformed or tested for with the use of non-parametric 

tests. Two-sided p-values <0.05 will be considered as statistically significant.

P R E L I M I N A RY  R E S U LT S
Study population

Table 1 presents the characteristics of all eligible CCS and sibling controls for the LATER CARD study 

who were alive on January 1, 2017. The eligible study cohort includes 3,608 CCS and 1,066 siblings, 

the majority of CCS had a primary diagnosis of leukemia, lymphoma, renal tumors, bone or soft 

tissue sarcomas. There are 2,566 eligible CCS in risk group 1, 48 eligible CCS in risk group 2, 33 eligible 

CCS in risk group 3 and 961 eligible CCS in risk group 4 (Figure 1).  

Inclusion

We expect to include 1,900 of the 3,608 CCS and 500 of the 1,066 siblings (total study 

population=2,400) in a consecutive order. Currently (May 2019), we have collected data of 1283 CCS 

and 189 siblings.

Expected results  

With the LATER CARD study, we will report the prevalence and relative risk of subclinical cardiac 

dysfunction in CCS compared to sibling controls based on echocardiographic imaging (including 

abnormal myocardial strain and LV diastolic dysfunction parameters), blood biomarkers and ECG 

parameters and their associations with treatment and gender related risk factors. Furthermore, 

we will determine the value of myocardial strain, blood biomarkers and ECG parameters in 

the diagnosis of LV dysfunction and their prognostic usefulness in the surveillance of long-term CCS 
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Table 1. Patient, cancer and treatment characteristics of eligible 5-year survivors for the DCOG-LATER CARD 

cohort and sibling controls

Characteristics

Chilhood cancer 

survivors Sibling controls

n 3.608 1.066

Sex    

Female 1,530 (42.4%) 452 (42.4%)

Male 2,078 (57.6%) 614 (57.6%)

Primary childhood cancer (ICCC)    

Leukemias, myeloprofiferative diseases and myelodysplastic diseases 1,641 (45.5%) -

Lymphomas and reticulo endothelial neoplasms 783 (21.7%) -

CNS and miscellaneous intracranial and intraspinal neoplasms 150 (4.2%) -

Neuroblastoma and other peripheral nervous cell tumors 85 (2.4%) -

Retinoblastoma 1 (0.0%) -

Renal tumors 430 (11.9%) -

Hepatic tumors 36 (1.0%) -

Bone tumors 226 (6.3%) -

Soft tissue and other extraosseous sarcomas 185 (5.1%) -

Germ cell tumors, trophoblastic tumors, and neoplasms of gonads 61 (1.7%) -

Other malignant epithelial neoplasms and malignant melanomas 8 (0.2%) -

Other and unspecified malignant neoplasms 2 (0.0%) -

Age at cancer diagnosis (year)    

0-4 1,663 (46.1%) -

5-9 989 (27.4%) -

10-14 749 (20.8%) -

15-17 207 (5.7%) -

Cancer treatment period    

1963-1979 442 (12.3%) -

1980-1989 1,149 (31.8%) -

1990-2001 2,017 (55.9%) -

Overall treatment modality    

Risk group 1: Anthracyclines/ mitoxantrone and/ or chest RT 2566 (71.1%) -

Risk group 2: Cyclofosfamide only 48 (1.3%) -

Risk group 3: Ifosfamide only 33 (0.9%) -

Risk group 4: Vincristine only 961 (26.6%) -

* Percentage of the total DCOG-LATER CARD cohort including sibling controls. Chest RT = radiation therapy involving the heart region

at risk for heart failure (from subgroup analyses of patients with a prior normal echocardiogram). In 

addition, we expect to provide evidence on the cardiotoxicity of cyclophosphamide, ifosfamide and 

vincristine. Hereby the LATER CARD study will form the basis of an improved surveillance guideline 

in long-term CCS.

D I S C U S S I O N
In the LATER CARD study, we will investigate the single and joint contributions of diagnostic tools 

to detect cancer therapy-related cardiac dysfunction in a large long-term CCS cohort treated with 
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cardiotoxic cancer therapies. The diagnostic tools (myocardial strain, diastolic function parameters 

including tissue Doppler measurements, blood biomarkers and ECG) that we will study are scarcely 

investigated in large long-term CCS cohorts(9, 16, 27, 28, 30) and were not previously studied in 

relationship with each other or compared with sibling controls.

Two-dimensional EF, measured with echocardiography, is the most frequently used parameter 

in the surveillance of long-term CCS for cancer therapy-related cardiac dysfunction but is 

limited by its reproducibility, load dependency and inability to detect subtle changes in EF(21, 

40). From studies in adult oncology patients, we know that early detection of subclinical cardiac 

dysfunction is necessary to prevent cardiac deterioration, by initiating treatment with heart failure 

medication(18). Adopting this view, sensitive markers are needed that are able to detect early signs 

of cardiac deterioration before heart failure symptoms occur. Although, evidence of the diagnostic 

tools (EF, longitudinal strain, diastolic function, NT-proBNP and high-sensitive troponins) on future 

development of heart failure in long-term CCS is lacking, they are established predictors for heart 

failure in the general population(23, 26, 41, 42). Therefore, by extrapolating these findings to CCS 

we expect that the diagnostic tools evaluated in the LATER CARD study can identify CCS at higher 

risk for development of heart failure, and thus bring benefit from more frequent surveillance and/

or early treatment initiation. Importantly, the results may also identify CCS at low risk for heart 

failure in whom we can decrease the surveillance frequency. In addition, with sub-group analyses 

of patients with a normal prior echocardiogram we may infer the role of these diagnostic tools in 

the natural history of cancer therapy-related cardiac dysfunction. 

A limitation of the LATER CARD study is that it is of cross-sectional nature and therefore may 

not be able to validate the findings in predicting future cardiac dysfunction in those patients that 

do not have cardiac dysfunction or only minor signs of them. The study is therefore mainly able to 

discern those patients with early or progressed LV dysfunction from those with no dysfunction and 

therefore mainly to diagnose or exclude the presence of clinically important LV dysfunction with 

either of the diagnostic tools. As the study is conducted in a large cohort of CCS who previously 

received regular surveillance by echocardiography according to prevailing guidelines(10), we may 

be able to identify which markers are markers of progression for cardiac dysfunction and provide 

additional evidence for risk assessments. Still, future follow up studies of our cohort will be needed 

to confirm the value of the described diagnostic tools as early markers for clinical heart failure in 

long-term CCS.  

Eventually, the results of the LATER CARD study will provide the evidence to improve long-term 

follow up guidelines, which we aim to complete at the end of this project. Furthermore, this project 

will form the basis for future prospective follow-up studies that will increase the knowledge on 

the predictive value of the described tests. This project will be carried out by a multidisciplinary team 

of caregivers and researchers in the field of cancer therapy-related cardiac dysfunction in long-term 

CCS. This team will enable the implementation of the improved guideline recommendations in 

a broad field of health professionals involved in the care for CCS.
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C O N C L U S I O N
The Dutch LATER CARD study will investigate diagnostic tools to detect subclinical cardiac 

dysfunction in long-term CCS treated with potential cardiotoxic cancer therapies. This will be an 

important study to investigate the relationship between clinical data, echocardiographic, blood 

biomarker and ECG measurements to detect cardiac dysfunction in a large nationwide cohort of 

CCS. The results will form the basis of an improved long-term follow up guideline to ultimately 

prevent heart failure in this population.
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A B S T R AC T
Importance

Life-long echocardiographic surveillance is currently performed in childhood cancer survivors 

at risk for heart failure. Previous studies reported a limited diagnostic accuracy of N-terminal 

pro B-type natriuretic peptide (NT-proBNP) and high-sensitive cardiac troponin T (Hs-cTnT) to 

detect left ventricular (LV) dysfunction in survivors. Combining cardiac biomarkers with clinical 

characteristics may however improve diagnostic accuracy.

Objective

To develop and internally validate a diagnostic model that combines cardiac biomarkers with clinical 

characteristics for ruling-in or ruling-out LV dysfunction in childhood cancer survivors.

Design

Prospectively designed, multicenter, cross-sectional study.

Setting

Long-term survivorship outpatient clinics in the Netherlands.

Participants

Childhood cancer survivors treated with cardiotoxic cancer treatments, ≥5 years from cancer 

diagnosis, without a previous diagnosis of cardiomyopathy; and sibling controls.

Main outcomes and measures

Diagnostic accuracy of a multivariable model including NT-proBNP, Hs-cTnT and clinical 

characteristics for three degrees of LV dysfunction measured with echocardiography (LVEF<54% in 

females or <52% in males; LVEF<50%; LVEF<45%). Prespecified criteria were used for rule-in (positive 

predictive value ≥75% and specificity ≥90%) and rule-out (negative predictive value ≥98% and 

sensitivity ≥90%). 

Results

Included were 1334 childhood cancer survivors (median age 34.2 years) and 278 siblings (median 

age 36.8 years). NT-proBNP was abnormal for age-and sex in 22.1% of survivors compared to 

5.4% of siblings (p<0.001). A Hs-cTnT>10 ng/L was uncommon in survivors (5.9%) and siblings 

(5.0%). Diagnostic models improved by adding NT-proBNP and Hs-cTnT to clinical characteristics 

(C-statistic from 0.69 to 0.74 for LVEF<50%) and were more accurate for more severe LV dysfunction 

(C-statistic from 0.78 to 0.84 for LVEF<45%). Rule-in of any LV dysfunction was not possible due to 

low specificity. A LVEF<50% (prevalence 10.9%) could be ruled-out in 18.5% of survivors with high 

sensitivity (95.9%, 95% CI 90.7-100%) and negative predictive value (97.7%, 95.4-100%). A LVEF<45% 
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(prevalence 3.4%) could be ruled out in 52.5% of survivors with moderate to high sensitivity (88.4%, 

75.6-97.8%) and high negative predictive value (99.2%, 98.6-99.8%).

Conclusions and relevance

A diagnostic model for LV dysfunction including NT-proBNP, Hs-cTnT and clinical characteristics 

can be used to reduce the number of unnecessary surveillance echocardiograms in childhood 

cancer survivors. External validation is needed.

K E Y  P O I N T S
Question

Can a cardiac biomarker based diagnostic model be used to rule-in or rule-out LV dysfunction in 

childhood cancer survivors treated with cardiotoxic cancer therapies?

Findings

In this cross-sectional study, a diagnostic model including NT-proBNP, Hs-cTnT and clinical 

characteristics was superior compared to biomarkers only or clinical characteristics only and could 

rule-out a LVEF <50% in 18.5% of survivors with a sensitivity of 95.9% and negative predictive value 

of 97.7%. 

Meaning

After external validation the diagnostic model may be used to reduce the number of unnecessary 

surveillance echocardiograms in childhood cancer survivors.
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I N T R O D U C T I O N
Cardiovascular disease is a major concern among the growing number of long-term childhood 

cancer survivors (CCS).1,2 Almost 11% of CCS who have been treated with anthracyclines, mitoxantrone 

and/or chest-directed radiotherapy develops heart failure within 40 years from cancer diagnosis.3 

Life-long echocardiographic surveillance is currently recommended to prevent or delay heart 

failure by early detection of left ventricular (LV) dysfunction, with surveillance intervals depending 

on cumulative anthracycline, mitoxantrone and chest-directed radiotherapy doses.4,5 

The role of cardiac biomarkers in the long-term surveillance of CCS is uncertain. Cardiac 

biomarkers might serve as a cost-effective triage test to conduct or postpone an echocardiogram. 

If LV dysfunction can be ruled-out with a blood biomarker test, an echocardiogram can be deferred 

to the next surveillance time point. Previous studies reported a limited diagnostic accuracy of 

N-terminal pro-B-type natriuretic peptide (NT-proBNP) and (high sensitive) cardiac troponins 

(Hs-cTnT) to detect LV dysfunction in long-term CCS6,7, which led to a recommendation not to use 

cardiac biomarkers for surveillance in CCS.4,5 However, unresolved questions remain. First, previous 

studies investigated cardiac biomarkers as a single diagnostic test for detection of LV dysfunction6, 

while combining biomarkers with clinical information might improve diagnostic performance.8 

Second, no studies in CCS investigated biomarker cutoff concentrations specific for rule-out or 

rule-in of LV dysfunction which may improve diagnostic performance.6 Third, it is unclear in CCS 

whether cardiac biomarkers may be better suited to diagnose more severely abnormal LV function, 

a finding that a previous study in the general population acknowledged.9

In this cross-sectional multicenter study, we developed and internally validated diagnostic 

models that combine cardiac biomarkers with clinical characteristics to rule-in or rule-out LV 

dysfunction in CCS without a previous diagnosis of cardiomyopathy.

M E T H O D S
Study population

We conducted a multicenter cross-sectional study in CCS and siblings participating in the Dutch 

Childhood Cancer Survivor Study, LATER part 2 cardiology study (DCCSS LATER2 CARD). DCCSS 

LATER2 CARD is a multicenter study in ≥5-year CCS diagnosed with a malignancy before the age of 18 

years and between 1/1/1963 and 12/31/2001 who were treated with cardiotoxic cancer treatments.10 

Participants visited the outpatient clinic between February 2016 and February 2020 for questionnaires, 

physical examination, blood sampling and echocardiography. For the present study, we included CCS 

treated with anthracyclines, mitoxantrone and/or chest-directed radiotherapy without a previous 

diagnosis of cardiomyopathy to reflect a surveillance population. As the most recent surveillance 

guideline no longer recommends surveillance in low-risk CCS (anthracycline dose <100 mg/m2 and 

chest directed radiotherapy dose <15 Gray), we conducted a secondary analysis where we excluded 

these low-risk CCS. Siblings of the CCS were included as controls. We excluded CCS and siblings who 

were pregnant, had a history of heart transplantation or severe congenital heart disease interfering 

with echocardiographic measurement of LV function. 
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Ethics

The study was approved by the medical ethics board of all participating centers and included 

the storage of blood samples. Informed consent was obtained from all participants.

Clinical characteristics

We obtained patient and cancer treatment characteristics from the central database of the study. 

Cumulative anthracycline or anthraquinone dose was calculated using doxorubicin equivalents.11 

Radiotherapy dose received by the heart was calculated with a standardized protocol (see 

supplements). Medical history, cardiac medication uses and cardiac symptoms were obtained from 

questionnaires. Self-reported heart failure, hypertension and diabetes were considered present 

if participants also reported to use medications for the condition. All participants underwent 

a physical examination at time of blood sampling to obtain body mass index (BMI), heart rate and 

blood pressure. 

Blood biomarkers

We measured NT-proBNP, Hs-cTnT and creatinine in fasting serum samples at the Erasmus Medical 

Center, the Netherlands. Fasting serum samples were obtained from participants within 1 year from 

the qualifying echocardiogram (89% were obtained at the same day). Samples were centrifuged at 

3000xg for 10 minutes, shipped on dry ice to the central biobank and stored at -80 degrees Celsius. 

The assay range is 5-35,000 ng/L for NT-proBNP (Cobas e601, Roche Diagnostics, Mannheim, 

Germany) and 3-10,000 ng/L for Hs-cTnT (Cobas e602, Roche Diagnostics). Biomarker values below 

the limit of detection (NT-proBNP n=111, Hs-cTnT n=543) were set at the limit of detection divided by 

the square root of 2. An abnormal NT-proBNP was defined as the 97,5 percentile value exceeding age 

and sex specific normal values in the Framingham Heart Study cohort obtained with the quantile 

regression method (Table S1).12 An abnormal Hs-cTnT was defined as a Hs-cTnT ≥10 ng/L, in line with 

a previous study in CCS.7 Glomerular filtration rate (eGFR) was estimated using the Chronic Kidney 

Disease Epidemiology Collaboration (CKD-EPI) formula.13 

Echocardiograms

We measured echocardiographic parameters including biplane LV ejection fraction (LVEF) in a core 

lab blinded for blood biomarker results and patient characteristics.14 We studied the following LV 

dysfunction definitions: LVEF<54% for females and <52% for males15, LVEF<50% and LVEF<45%. 

Missing values

Missing values were present in cardiac biomarkers (<5% for all), cardiotoxic cancer treatment doses 

(≤1% for all), traditional cardiovascular risk factors (self-reported history of hypertension, diabetes, 

dyslipidemia, smoking; 8-10%) and LVEF (17%). We assumed these to be missing at random and 

imputed these 20-times using predictive mean matching.16 The imputation model included all 

variables considered in the diagnostic models, as well as other measures of LV function (fractional 

shortening, mitral annular plane systolic excursion) to improve LVEF imputations. Analyses were 
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performed on each imputed dataset and results pooled using Rubin’s rules.16 We compared 

the results to a complete case analysis.

Statistical analyses

Median biomarker concentrations were compared between CCS and siblings with the Wilcoxon 

rank sum test. The proportion of CCS with abnormal biomarker levels was compared to siblings with 

the Fisher exact test. We visualized the association of cardiac biomarker concentrations with LVEF 

using local polynomial regression fitting.

We predefined criteria for rule-out (negative predictive value (NPV) ≥98% and sensitivity of ≥90%), 

and rule-in (positive predictive value (PPV) ≥75% and specificity ≥90%) of LV dysfunction based on 

previous studies on the diagnosis of heart failure among dyspneic patients.8,17 We compared findings 

in the three aforementioned categories of LV dysfunction.

We calculated diagnostic test accuracies (sensitivity, specificity, positive predictive value (PPV) 

and NPV) of multiple cutoff concentrations of NT-proBNP (normal values according to age and sex12 

and a range from 10 to 600 ng/L) and concentrations of Hs-cTnT (range 3 to 14 ng/L). 

Next, we developed and internally validated multivariable logistic regression models to estimate 

the probability of three categories of LV dysfunction. The first model considered only clinical 

predictors: sex, age at diagnosis, age at study, anthracycline dose, mitoxantrone dose, chest-

directed radiotherapy dose, history of hypertension, hypercholesterolemia, diabetes and smoking, 

and BMI, heart rate and systolic blood pressure at time of blood sampling. Backwards selection was 

applied using a p-value of 0.05 to obtain the final clinical model with sex, age at diagnosis, age at 

study and cardiotoxic treatments always included in the model. In the second model, we added NT-

proBNP, Hs-cTnT and eGFR to the final clinical model and tested for improvement in model fit with 

the pooled Wald test for multiple imputed data.16 We tested for potential non-linear associations 

with the use of restricted cubic splines.18 We assessed diagnostic performance with various measures 

(sensitivity, specificity, PPV, NPV, C-statistic and decision curve analysis19). We assessed calibration 

with calibration plots. We internally validated the models using 500 bootstrap resamples in each of 

the imputed datasets to adjust for optimism and to calculate 95% confidence intervals (95% CI). All 

analyses were conducted in R. A p-value <0.05 was considered statistically significant.

R E S U LT S
Study population

Of the 6165 CCS in the DCCSS LATER cohort, 2986 CCS met the eligibility criteria for the LATER2 

CARD study (Figure S1). Of these CCS, 1605 (54%) participated in the LATER2 CARD study. Participants 

were more frequently female (48%) compared to non-participants (39%) but there were no clinically 

relevant differences between participants and non-participants in other patient and treatment 

characteristics (Table S2). After excluding CCS with a previous diagnosis of cardiomyopathy (n=51) 

and CCS not treated with anthracyclines, mitoxantrone or chest-directed radiotherapy (n=220), 1334 

CCS were included in the present study. A total of 278 siblings were included as controls (Figure S1). 

Characteristics of the included CCS and siblings are presented in Table 1. CCS were slightly younger 
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(median age 34.2 years, IQR 28.5-41.5 versus 36.8 years, IQR 29.1-43.7) and there were less women 

among CCS compared to siblings (46.9% versus 59.7%). 

Table 1. Characteristics of participating childhood cancer survivors and siblings.

Characteristic

Survivors 

n=1334

Siblings 

n=278

Female (%) 625 (46.9) 166 (59.7)

Age at diagnosis (years) (median [IQR]) 6.3 [3.2, 11.3] NA

Age at study (years) (median [IQR]) 34.2 [28.5, 41.5] 36.8 [29.1, 43.7]

Primary cancer diagnosis (%)

Leukemias, myeloproliferative diseases and myelodysplastic diseases 537 (40.3) 0 (0.0)

Lymphomas and reticuloendothelial neoplasms 342 (25.6) 0 (0.0)

CNS and miscellaneous intracranial and intraspinal neoplasms 43 (3.2) 0 (0.0)

Neuroblastoma and other peripheral nervous cell tumors 50 (3.7) 0 (0.0)

Retinoblastoma 0 (0.0) 0 (0.0)

Renal tumors 150 (11.2) 0 (0.0)

Hepatic tumors 12 (0.9) 0 (0.0)

Bone tumors 112 (8.4) 0 (0.0)

Soft tissue and other extraosseous sarcomas 71 (5.3) 0 (0.0)

Germ cell tumors, trophoblastic tumors, and neoplasms of gonads 12 (0.9) 0 (0.0)

Other malignant epithelial neoplasms and malignant melanomas 4 (0.3) 0 (0.0)

Other and unspecified malignant neoplasms 1 (0.1) 0 (0.0)

NA 0 (0.0) 278 (100.0)

IGHG risk group (%)

low risk 306 (22.9) 0 (0.0)

moderate risk 596 (44.7) 0 (0.0)

high risk 432 (32.4) 0 (0.0)

NA 0 (0.0) 278 (100.0)

Anthracycline dose (mg/m2) (%)

No anthracyclines 202 (15.1) 278 (100.0)

1-100 207 (15.5) 0 (0.0)

100-250 603 (45.2) 0 (0.0)

>250 302 (22.6) 0 (0.0)

missing 20 (1.5) 0 (0.0)

Mitoxantrone dose (mg/m2) (%)

No Mitoxantrone 1258 (94.3) 278 (100.0)

1-40 42 (3.1) 0 (0.0)

>40 28 (2.1) 0 (0.0)

missing 6 (0.4) 0 (0.0)

Chest RT dose (Gray) (%)

No Chest RT 896 (67.2) 278 (100.0)

1-15 277 (20.8) 0 (0.0)

15-30 99 (7.4) 0 (0.0)

>30 52 (3.9) 0 (0.0)

missing 10 (0.7) 0 (0.0)
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Cardiac biomarkers in CCS compared to siblings

The median NT-proBNP concentration was significantly higher in CCS compared to siblings (42.3 

ng/L, IQR 25.4-84.6, versus 33.8 ng/L, IQR 16.9-59.2, respectively, p<0.001)) and abnormal NT-proBNP 

levels for age and sex were more frequent among CCS compared to siblings (22.1% versus 5.4%, 

p<0.001) (Table 1). The median Hs-cTnT concentration was not significantly different in CCS (4.0 

ng/L, IQR 2.2-5.0, p=0.812) compared to siblings (3.0 ng/L, IQR 2.4-5.0) and an abnormal Hs-cTnT 

level ≥10 ng/L was rare in both CCS (5.8%) and siblings (5.0%, p=1.00)(Table 1).

Table 1. (continued)

Characteristic

Survivors 

n=1334

Siblings 

n=278

Hypertension (%)

No 1138 (85.3) 228 (82.0)

Yes 68 (5.1) 2 (0.7)

missing 128 (9.6) 48 (17.3)

Diabetes (%)

No 1183 (88.7) 231 (83.1)

Yes 27 (2.0) 0 (0.0)

missing 124 (9.3) 47 (16.9)

Hypercholesterolemia (%)

No 1152 (86.4) 227 (81.7)

Yes 44 (3.3) 1 (0.4)

missing 138 (10.3) 50 (18.0)

Smoking (%)

No 859 (64.4) 140 (50.4)

Yes 364 (27.3) 83 (29.9)

missing 111 (8.3) 55 (19.8)

BMI (median [IQR]) 24.0 [21.6, 26.9] 25.2 [23.0, 27.8]

Systolic blood pressure (mmHg) (median [IQR]) 123.0 [114.0, 134.0] 120.0 [112.0, 131.0]

Diastolic blood pressure (mmHg) (median [IQR]) 76.0 [69.0, 82.0] 74.0 [67.0, 81.0]

Heart rate (/min) (median [IQR]) 70.0 [62.0, 79.0] 63.0 [56.7, 70.1]

eGFR (ml/min/1.73 m2) (median [IQR]) 107.8 [92.4, 125.8] 103.8 [89.5, 123.2]

NT-proBNP (ng/L) (median [IQR]) 42.3 [25.4, 84.6] 33.8 [16.9, 59.2]

Abnormal NTproBNP for age and sex (%)

No 996 (74.7) 232 (83.5)

Yes 295 (22.1) 15 (5.4)

missing 43 (3.2) 31 (11.2)

Hs-cTnT (ng/L) (median [IQR]) 4.0 [2.2, 5.0] 3.0 [2.4, 5.0]

Abnormal Hs-cTnT (>=10 ng/L) (%)

No 1214 (91.0) 233 (83.8)

Yes 77 (5.8) 14 (5.0)

missing 43 (3.2) 31 (11.2)
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Diagnostic accuracy of cardiac biomarkers only

Of the 1334 CCS, 23.2% had a LVEF<54% (females) or LVEF<52% (males), 10.9% had a LVEF<50% and 

3.4% had a LVEF<45%. Visual inspection of local polynomial regression curves of both biomarkers 

with LVEF showed increasing NT-proBNP and Hs-cTnT concentrations in CCS with lower LVEFs, 

especially when LVEF decreases to <50% (Figure S2). The univariable diagnostic accuracy of abnormal 

NT-proBNP or abnormal Hs-cTnT was too limited for either rule-out or rule-in of any category of 

LV dysfunction (Table 2), also when using lower cutoff concentrations for rule-out or higher cutoff 

concentrations for rule-in (Table S3). 

Diagnostic accuracy of cardiac biomarkers in combination with clinical characteristics 

Clinical characteristics included in the final diagnostic model after backwards selection were sex, 

age at diagnosis, age at study, anthracycline dose, mitoxantrone dose, chest-directed radiotherapy 

dose and heart rate. For all three categories of LV dysfunction, adding NT-proBNP and Hs-cTnT, 

but not eGFR, to the clinical characteristics improved diagnostic performance compared to clinical 

characteristics only, NT-proBNP only or Hs-cTnT only (pooled Wald test p<0.001 for all). Coefficients 

of the final diagnostic models are presented in Table S4 and can be used to calculate predicted 

probabilities of LV dysfunction for each survivor. 

Discrimination of the combined diagnostic model was better for more severe LV dysfunction 

with optimism corrected C-statistics of 0.70 (95% CI 0.67-0.74), 0.74 (95% CI 0.69-0.78) and 0.84 (95% 

CI 0.78-0.90) for LVEF<54% (females) or LVEF<52% (males), LVEF<50% and LVEF<45%, respectively 

(Figure 1, Table 2). The models were well calibrated (Figure 2). Decision curve analysis showed that 

the diagnostic models combining clinical characteristics with cardiac biomarkers achieved a higher 

net reduction in unnecessary echocardiograms compared to cardiac biomarkers only or clinical 

characteristics only across a range of threshold probabilities (Figure S3). 

For ruling-out LVEF<54% (females) or LVEF<52% (males), a predicted probability threshold of 

8.0% by the diagnostic model had a sensitivity of 99.3% (95% CI 97.6-100%) and a NPV of 94.6% 

(95% CI 84.1-100%). However, at this predicted probability threshold only 2.6% of survivors could 

be ruled-out (Table 2). For ruling-out LVEF<50%, a predicted probability threshold of 4.3% had 

a high sensitivity of 95.9% (95% CI 90.7-100%) and a NPV of 97.7% (95% CI 95.4-100%) and ruled-out 

a LVEF<50% in 18.5% of survivors (Table 2). Even though Hs-cTnT significantly improved overall 

performance of the diagnostic model, we were interested whether a model including only clinical 

characteristics and NT-proBNP, without Hs-cTnT, would suffice for rule-out purposes. As can be 

seen in Table 2, sensitivity and NPV of this simplified model were comparable, however 16.6% of 

survivors could be ruled-out compared to 18.5% with the full model. For ruling-out LVEF<45%, 

a predicted probability threshold of 1.5% ruled out 52.5% of survivors with high NPV of 99.2% (95% CI 

98.6-99.8%) and a sensitivity of 88.4% (95% CI 75.6-97.8%) that was below our predefined sensitivity 

of 90% for rule-out (Table 2). The wide 95% CI of the sensitivity and the relatively large optimism of 

3.1% in the bootstrap validation suggest the model was underpowered. 

The diagnostic models were not useful for rule-in because at PPVs ³75% and specificities ³90%, 

only 0.9%, 1.1% and 1.8% of survivors had LVEF<54% (females) or LVEF<52% (males), LVEF<50% and 

LVEF<45%, respectively (Figure S4). A complete cases analysis gave comparable results (Table S5).



C H A P T E R  6

112

6

Ta
b

le
 2

. O
pt

im
is

m
 a

dj
us

te
d 

di
ag

no
st

ic
 a

cc
ur

ac
y 

m
ea

su
re

s 
o

f c
ar

di
ac

 b
io

m
ar

ke
rs

 a
nd

 c
lin

ic
al

 c
ha

ra
ct

er
is

ti
cs

 to
 d

et
ec

t L
V

 d
ys

fu
nc

ti
o

n 
in

 c
hi

ld
ho

o
d 

ca
nc

er
 s

ur
vi

vo
rs

 t
re

at
ed

 

w
it

h 
ca

rd
io

to
xi

c 
ca

nc
er

 tr
ea

tm
en

ts
.

Pr
ed

ic
to

r
C

-s
ta

ti
st

ic
C

ut
o

ff
R

ul
ed

 o
ut

 
Se

n
si

ti
vi

ty
Sp

ec
ifi

ci
ty

PP
V

N
PV

LV
EF

 <
52

%
 in

 m
al

es
, <

54
%

 in
 fe

m
al

es
 (

p
re

va
le

n
ce

 2
3.

2%
)

N
T-

pr
o

BN
P

0
.6

3 
(0

.5
9-

0
.6

6)
A

ge
/s

ex
 

77
.0

%
35

.2
 (

29
.6

-4
0

.8
)

80
.7

 (
78

.2
-8

3.
2)

35
.5

 (
29

.6
-4

1.
3)

80
.5

 (
77

.8
-8

3.
3)

H
s-

cT
nT

0
.5

5 
(0

.5
1-

0
.6

0
)

10
 n

g/
L

94
.1%

10
.5

 (
6.

8-
14

.1)
95

.4
 (

94
.1-

96
.8

)
40

.7
 (

28
.8

-5
2.

7)
78

.0
 (

75
.3

-8
0

.6
)

C
lin

ic
al

a
0

.6
8 

(0
.6

5-
0

.7
2)

8.
0

%
b

2.
0

%
10

0
 (

98
.6

-1
0

0
)

2.
6 

(0
.5

-5
.8

)
23

.6
 (

22
.6

-2
5.

1)
99

.8
 (

89
.9

-1
0

0
)

C
lin

ic
al

+N
T-

pr
o

BN
P

0
.7

0
 (

0
.6

6-
0

.7
3)

8.
0

%
b

1.9
%

99
.7

 (
98

.3
-1

0
0

)
2.

4 
(0

.6
-5

.9
)

23
.6

 (
22

.6
-2

5.
2)

97
.5

 (
88

.9
-1

0
0

)

C
lin

ic
al

+N
T-

pr
o

BN
P+

H
s-

cT
nT

0
.7

0
 (

0
.6

7-
0

.7
4)

8.
0

%
b

2.
6%

99
.3

 (
97

.6
-1

0
0

)
3.

2 
(0

.9
-6

.8
)

23
.7

 (
22

.6
-2

5.
1)

94
.6

 (
84

.1-
10

0
)

LV
EF

 <
50

%
 (

p
re

va
le

n
ce

 1
0.

9%
)

N
T-

pr
o

BN
P

0
.6

3 
(0

.5
8-

0
.6

9)
A

ge
/s

ex
 

77
.0

%
44

.9
 (

36
.2

-5
3.

7)
79

.7
 (

77
.3

-8
2.

1)
21

.3
 (

16
.3

-2
6.

4)
92

.2
 (

90
.3

-9
4.

1)

H
s-

cT
nT

0
.6

4 
(0

.5
9-

0
.6

9)
10

 n
g/

L
94

.1%
15

.6
 (

9.
2-

22
.1)

95
.2

 (
94

.0
-9

6.
5)

28
.7

 (
17

.8
-3

9.
6)

90
.2

 (
88

.3
-9

2.
1)

C
lin

ic
al

a
0

.6
9 

(0
.6

5-
0

.7
4)

4.
3%

b
12

.4
%

97
.2

 (
92

.0
-1

0
0

)
13

.5
 (

6.
5-

21
.8

)
12

.1 
(1

1.
2-

12
.9

)
97

.5
 (

94
.9

-1
0

0
)

C
lin

ic
al

+N
T-

pr
o

BN
P

0
.7

2 
(0

.6
8-

0
.7

7)
4.

3%
b

16
.6

%
95

.9
 (

90
.6

-9
9.

3)
18

.1 
(1

0
.0

-2
6.

8)
12

.5
 (

11
.4

-1
3.

6)
97

.2
 (

94
.9

-1
0

0
)

C
lin

ic
al

+N
T-

pr
o

BN
P+

H
s-

cT
nT

0
.7

4 
(0

.6
9-

0
.7

8)
4.

3%
b

18
.5

%
95

.9
 (

90
.7

-1
0

0
)

20
.3

 (
12

.1-
29

.3
)

12
.8

 (
11

.8
-1

3.
9)

97
.7

 (
95

.4
-1

0
0

)

LV
EF

 <
4

5%
 (

p
re

va
le

n
ce

 3
.4

%
)

N
T-

pr
o

BN
P

0
.7

5 
(0

.6
5-

0
.8

4)
A

ge
/s

ex
 

77
.0

%
65

.0
 (

50
.3

- 
79

.7
)

78
.5

 (
76

.2
-8

0
.8

)
 9

.7
 (

6.
3-

13
.1)

98
.4

 (
97

.6
- 

99
.3

)

H
s-

cT
nT

0
.7

5 
(0

.6
7-

0
.8

3)
10

 n
g/

L
94

.1%
24

.5
 (

10
.9

-3
8.

0
)

94
.7

 (
93

.5
-9

6.
0

)
14

.1 
(5

.9
-2

2.
4)

97
.2

 (
96

.3
- 

98
.2

)

C
lin

ic
al

a
0

.7
8 

(0
.7

0
-0

.8
5)

1.
5%

b
38

.0
%

 
90

.9
 (

80
.0

-9
8.

0
)

39
.1 

(2
8.

0
-4

6.
6)

5.
0

 (4
.1-

5.
9)

99
.2

 (
98

.3
-1

0
0

)

C
lin

ic
al

+N
T-

pr
o

BN
P

0
.8

4 
(0

.7
7-

0
.9

0
)

1.
5%

b
48

.6
%

90
.7

 (
77

.8
-1

0
0

)
50

.0
 (

39
.6

-5
8.

4)
6.

1 (
4.

9-
7.

2)
99

.3
 (

98
.6

-1
0

0
)

C
lin

ic
al

+N
T-

pr
o

BN
P+

H
s-

cT
nT

 
0

.8
4 

(0
.7

8-
0

.9
0

)
1.

5%
b

52
.5

%
88

.4
 (

75
.6

-9
7.

8)
54

.0
 (4

3.
7-

62
.7

)
6.

4 
(5

.0
-7

.7
)

99
.2

 (
98

.6
-9

9.
8)

a C
lin

ic
al

 c
ha

ra
ct

er
is

ti
cs

: s
ex

, a
ge

 a
t 

d
ia

gn
o

si
s,

 a
ge

 a
t 

st
ud

y,
 a

nt
hr

ac
yc

lin
e 

d
o

se
, m

it
o

xa
nt

ro
ne

 d
o

se
, c

he
st

-d
ir

ec
te

d
 r

ad
io

th
er

ap
y 

d
o

se
, h

ea
rt

 r
at

e.
 

b C
ut

o
ff

 p
ro

ba
bi

lit
y 

o
f L

V
 d

ys
fu

nc
ti

o
n 

fr
o

m
 t

he
 m

ul
ti

va
ri

ab
le

 lo
gi

st
ic

 r
eg

re
ss

io
n 

m
o

d
el

.

95
%

 c
o

nfi
d

en
ce

 in
te

rv
al

s 
ar

e 
sh

o
w

n 
b

et
w

ee
n 

br
ac

ke
ts

. 

A
bb

re
vi

at
io

ns
: H

s-
cT

nT
=h

ig
h 

se
ns

it
iv

e 
ca

rd
ia

c 
tr

o
p

o
ni

n 
T,

 L
V

=l
ef

t 
ve

nt
ri

cu
la

r,
 N

T-
pr

o
BN

P=
N

-t
er

m
in

al
 p

ro
 B

-t
yp

e 
na

tr
iu

re
ti

c 
p

ep
ti

d
e 

B,
 N

PV
=n

eg
at

iv
e 

pr
ed

ic
ti

ve
 v

al
ue

, P
PV

=p
o

si
ti

ve
 p

re
d

ic
ti

ve
 v

al
ue

.



P E R F O R M A N C E  O F  A  B I O M A R K E R  B A S E D  D I A G N O S T I C  M O D E L  F O R  C A R D I A C  DY S F U N C T I O N

113

6

Figure 1. Receiver operating characteristic curves of diagnostic models including cardiac biomarkers alone, 

clinical characteristics alone and cardiac biomarkers in combination with clinical characteristics for left 

ventricular dysfunction in childhood cancer survivors. Abbreviations: LVEF=left ventricular ejection fraction, 

NT-proBNP=N-terminal pro B-type natriuretic peptide, Hs-cTnT=high sensitive cardiac troponin T.

Secondary analysis in moderate and high risk CCS

As the recently updated cardiomyopathy surveillance guideline5 no longer recommends 

echocardiographic surveillance in low-risk CCS who were treated with a low anthracycline 

dose (<100mg/m2) and/or a low chest-directed radiotherapy dose (<15 Gray), we also tested 

the performance of the diagnostic model after excluding low-risk CCS. The results of this secondary 

analysis are presented in Table S6. In moderate- and high-risk CCS (n=1028), the model was still 

able to rule-out a LVEF<50% in 13.1% of these CCS with high NPV (97.4%, 95% CI 94.7-100%) and high 

sensitivity (96.9%, 95% CI 91.4-100%). A LVEF <45% could be ruled out in 41.0% of these moderate 

and high risk CCS with high NPV (99.2, 95% CI 98.3-100%) and high sensitivity of 92.3%, with a wide 

95% CI (80.5-100%).
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Figure 2. Calibration plots of diagnostic models including cardiac biomarkers and clinical characteristics 

for left ventricular dysfunction in childhood cancer survivors. Abbreviations: LVEF=left ventricular  

ejection fraction.

D I S C U S S I O N
In this multicenter cohort study, we developed and internally validated diagnostic models for three 

categories of LV dysfunction using clinical characteristics in combination with cardiac biomarkers 

(NT-proBNP and Hs-cTnT) in adult survivors of childhood cancer. We demonstrate for the first time 

that cardiac biomarkers may be useful for the diagnosis of LV dysfunction when combined with 

clinical characteristics. If our findings can be validated in an independent cohort, this combined 

diagnostic model may be clinically useful for ruling-out LVEF<50% in 18.5% of survivors in whom an 

echocardiogram can potentially be deferred. 

Diagnostic accuracy of NT-proBNP alone for LV dysfunction was low, despite the finding that 

22% of CCS treated with cardiotoxic therapies had an age- and sex-defined abnormal NT-proBNP 

level at the age of 34 years compared to 5% siblings, which is in line with a previous report from 

the St Jude Life cohort in CCS of similar age.7 This prevalence is high when also considering 

the association of abnormal NT-proBNP levels with cardiac mortality in CCS7 and in the general 

population.20 We confirm the results of previous studies in CCS6,7 and the general population9, which 
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showed that natriuretic peptides as single predictors have a too limited diagnostic accuracy for 

rule-in or rule-out of LV dysfunction on an echocardiogram, defined as a LVEF <50% to <55% and/

or a fractional shortening <28% to <30%. We extend these findings in CCS by showing that higher or 

lower NT-proBNP cutoff concentrations are also not useful for rule-in or rule-out of LV dysfunction.

The finding of a higher prevalence of abnormal troponin T values (5.8%) than previously 

reported (0.6%) in CCS of similar age in the St Jude Life cohort 7 can be explained by the use of 

a high sensitive assay in our study, enabling a higher precision at troponin T concentrations around 

the cut-off level of 10 ng/L.21 Still,  abnormal Hs-cTnT concentrations were uncommon in CCS and 

not different from siblings. While the diagnostic value of Hs-cTnT for LV dysfunction was very limited 

in univariate analysis at any cutoff concentration corroborating previous reports6,7,22, Hs-cTnT was 

significantly associated with LV dysfunction in the multivariable diagnostic model and improved its  

diagnostic performance.

The multivariable diagnostic model that combined cardiac biomarkers with clinical 

characteristics to estimate the probability of LV dysfunction in CCS was mainly useful for rule-out of 

LV dysfunction,  and performed better for more severely abnormal LV function similar to what has 

been demonstrated for NT-proBNP in the general population.9 While the diagnostic model was not 

able to accurately rule-out LVEF<54% (females) or LVEF<52% (males), we showed that it was useful to 

rule-out LVEF<50% in 18.5% of CCS. We expected that the model would be even better for ruling-out 

LVEF<45%, with a NPV of 99.2%. However, sensitivity (88.4%) was too limited for rule-out. The low 

number of events (3.4%), the wide confidence interval (75.6-97.8%) and the relatively large bootstrap 

optimism of 3.1% in the internal validation indicate that the model for LVEF<45% was underpowered. 

Future studies including more survivors with LVEF<45% are needed to clarify this issue. 

As for clinical use, the diagnostic model may be used as a triage test before conducting 

a surveillance echocardiogram to reduce the burden to both CCS and echocardiography 

laboratories and to potentially reduce cardiomyopathy surveillance costs. If our results can be 

validated in an external cohort, it could impact current cardiomyopathy surveillance practices, as 

an echocardiogram can be safely deferred in 18.5% of CCS. Importantly, the recently updated IGHG 

cardiomyopathy surveillance guideline no longer recommends surveillance in low-risk survivors 

treated with an anthracycline dose <100mg/m2 and/or a chest-directed radiotherapy dose <15 Gray.5 

We showed in a secondary analysis that the diagnostic model also performs well with respect to 

rule-out of LV dysfunction after excluding the low-risk group. For rule-out of LVEF<50%, it resulted 

in somewhat fewer patients in whom an echocardiogram may be deferred (13.1% instead of 18.5%). 

Strengths and limitations

The present study was prospectively designed, included a large number of CCS, with reliable LVEF 

measurements from a core lab, and was conducted in multiple centers in the Netherlands, improving 

the generalizability of the results. Limitations of the study are also present. First, 17% of CCS had 

a missing biplane LVEF. We used multiple imputation to mitigate potential bias arising from these 

missing values and compared the results to a complete case analysis which gave comparable results. 

Second, the number of survivors with LVEF<45% was low (3.4%) which may have caused overfitting 
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of the diagnostic model for LVEF<45% as described above. Third, although we internally validated 

our results using bootstrapping techniques, our findings should still be externally validated. Finally, 

we recognize that there may be an interest in the diagnostic accuracy of cardiac biomarkers 

for abnormalities in global longitudinal strain, diastolic dysfunction and/or valve dysfunction. 

However, the main reason to concentrate on detecting LVEF is that at present only LVEF impacts on 

the decision to initiate heart failure treatment in asymptomatic patients.23

C O N C L U S I O N S
This study demonstrates that a diagnostic model including cardiac biomarkers and clinical 

characteristics is superior to using cardiac biomarkers only or clinical characteristic only and may 

be clinically useful to triage survivors for echocardiography by ruling-out LVEF<50% in 18.5% of CCS.
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S U P P L E M E N TA L  M E T H O D S
Chest-directed radiotherapy dose calculation

Based on the available information on the radiotherapy field(s) (location) from the letter of 

the pediatric radiation oncologist, each treatment was assigned to one or more body compartments, 

including head, neck, spine, thorax, abdominopelvic, upper- and lower extremities. Total body 

irradiation (TBI) was considered separately. Validation of radiotherapy data was performed by 

experts in radiotherapy. We calculated the total maximum prescribed dose as the maximum dose 

to the smallest field, consisting of the sum of the full-field dose (primary) and the boost dose. 

Furthermore, all our calculations include radiotherapy doses for both the primary tumor and any 

recurrences. If the same body part was re-irradiated the respective doses were summed to derive 

the maximum dose to the smallest field. In case the recurrence treatment was given as a non-

overlapping field in the same body part (e.g., for primary tumor and recurrences or metastases 

both in the lungs for example), the dose to the field with the highest dose was assigned as body 

compartment dose for our study. In DCCSS LATER 2 CARD we focused on thorax, spine and 

abdominopelvic fields and TBI as they possibly involve the heart region. Specific fields exposing 

the body compartments are shown in the table below. In collaboration with MD Anderson 

Cancer Center (University of Texas, United States) and Institut Gustave Roussy (Villejuif, France) 

we estimated the mean dose received by the whole heart after total spine or abdominopelvic 

radiotherapy by using radiation dose reconstruction methods 1,2. Based on a subset of 110 survivors, 

we derived percentages of dose received by the whole heart, by dividing the total prescribed dose 

and the estimated mean whole heart dose. As a result, we used 55% of the maximum prescribed 

spine dose and 10% of the maximum prescribed abdominopelvic dose to estimate the dose received 

by the whole heart. Furthermore, we used 100% of the maximum prescribed thorax dose to estimate 

the dose received by the whole heart. If more than one of abovementioned body compartments 

were irradiated, the highest dose was assigned as the dose received on the heart region. Finally, 

we added 100% of the total prescribed TBI dose estimate to the final radiotherapy dose on  

the heart region.
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Uniform radiotherapy body compartment classification system

RT body compartments Childhood cancer-specific treatment fields

Spine Craniospinal

  Total spine

  Spine, thoracic region

  Spine, lumbar region

  Spine, sacral region

  Spine, not otherwise specified

Thorax Thorax

  Mantle field

  Mantle field without mediastinal

  Scapula left

  Scapula right

  Scapula both sides

  Scapula, side unknown

  Ribs, sternum, clavicle

  Mediastinal

  Parasternal

  Axilla

  Supraclavicular

Abdominopelvic Abdominal

  Liver

  Spleen

  Paraaortic field

  Paraaortic field plus spleen

  Inverted-Y field

  Inverted-Y field plus spleen

  Pelvis (including iliacal field)

  Parailliacal field

  Inguinal field



P E R F O R M A N C E  O F  A  B I O M A R K E R  B A S E D  D I A G N O S T I C  M O D E L  F O R  C A R D I A C  DY S F U N C T I O N

121

6

S U P P L E M E N TA L  F I G U R E S
 

Figure S1. Patient inclusion flowchart.
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Figure S2. Local polynomial regression lines showing the association of cardiac biomarker levels with 

left ventricular ejection fraction (LVEF) in childhood cancer survivors treated with cardiotoxic cancer 

treatments. Abbreviations: Hs-cTnT=high sensitive cardiac troponin T, NTproBNP=N-terminal pro B-type 

natriuretic peptide.
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Figure S3. Decision curve analysis of diagnostic models including cardiac biomarkers alone, clinical 

characteristics alone and cardiac biomarkers in combination with clinical characteristics for left ventricular 

dysfunction in childhood cancer survivors. The net reduction in unnecessary echocardiograms per 100 

survivors is shown (y-axis) at a range of threshold probabilities for left ventricular dysfunction (x axis). 

Abbreviations: LVEF=left ventricular ejection fraction, NT-proBNP=N-terminal pro B-type natriuretic peptide, 

Hs-cTnT=high sensitive cardiac troponin T.
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Figure S4. Performance of the diagnostic model including cardiac biomarkers and clinical characteristics 

for detecting left ventricular (LV) dysfunction in childhood cancer survivors. Top: negative predictive value 

(NPV), positive predictive value (PPV) and proportion test positive (y-axis) by predicted probability of LV 

dysfunction (x-axis). The blue vertical dashed line indicates the threshold for rule-out (NPV ³98% and sensitivity 

³90%). The red vertical dashed line indicates the threshold for rule-in (PPV ³75% and specificity ³90%). Bottom: 

density plot of predicted probability of LV dysfunction. 
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S U P P L E M E N TA L  TA B L E S

Table S1. Abnormal NT-proBNP cut-points defined by 97.5th percentile limit of normal by age and sex (from 

the Framingham Heart Study4) Age Group (Years).

Age (years) Males (97.5th percentile, ng/L) Females (97.5th percentile, ng/L)

20-24 42.5 111.0 

25-29 48.5 122.1 

30-34 55.3 134.3 

35-39 63.0 147.6 

40-44 71.8 162.4 

45-49 81.9 178.5 

50-54 93.3 196.3 

55-59 106.4 215.9 

Table S2. Characteristics of participants compared to non-participants.

Characteristics

Participants 

(n=1605) %

Non-participants 

(n=1381) %

Sex

Male 832 52% 842 61%

Female 773 48% 539 39%

Transgender 0 0% 0 0%

Missing 0 0% 0 0%

Primary childhood cancer

Leukemias, myeloproliferative diseases and  

myelodysplastic diseases

678 42% 588 43%

Lymphomas and reticulo-endothelial neoplasms 375 23% 340 25%

Central nervous system and miscellaneous intracranial and 

intraspinal neoplasms

54 3% 67 5%

Neuroblastoma and other peripheral nervous cell tumors 54 3% 42 3%

Retinoblastoma 1 0% 0 0%

Renal tumors 189 12% 117 8%

Hepatic tumors 12 1% 22 2%

Bone tumors 125 8% 107 8%

Soft tissue and other extraosseous sarcomas 79 5% 70 5%

Germ cell tumors, trophoblastic tumors, and neoplasms of 

gonads

31 2% 21 2%

Other malignant epithelial neoplasms and malignant melanomas 6 0% 6 0%

Other and unspecified malignant neoplasms 1 0% 1 0%

Missing 0 0

Age at diagnosis, years

0-4 693 43% 578 42%

5-9 457 28% 380 28%

10-14 358 22% 323 23%

15-17 97 6% 97 7%

Missing 0 3
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Table S2. (continued)

Characteristics

Participants 

(n=1605) %

Non-participants 

(n=1381) %

Treatment period

1963-1969 16 1% 8 1%

1970-1979 196 12% 153 11%

1980-1989 488 30% 411 30%

1990-1999 714 44% 666 48%

2000-2001 191 12% 143 10%

Missing 0 0

Years since cancer diagnosis at invitation

 10-19 357 22% 292 21%

20-29 652 41% 605 44%

30-39 462 29% 386 28%

>40 134 8% 98 7%

Missing 0 0

Therapy

Chemotherapy only 930 58% 837 61%

Radiotherapy only 32 2% 47 3%

Chemotherapy and radiotherapy 642 40% 497 36%

Missing 1 0

Table S3. Diagnostic accuracy of NT-proBNP, Hs-cTnT for a range of cutoff concentrations to detect left ventricular 

dysfunction in childhood cancer survivors treated with cardiotoxic cancer treatments.

Biomarker Cutoff Abnormal test Sensitivity Specificity NPV PPV

LVEF <52% (males) <54% (females)

NT-proBNP 10 ng/L 87.4% 92.1% 14.0% 85.5% 24.4%

NT-proBNP 20 ng/L 76.4% 84.5% 26.0% 84.8% 25.6%

NT-proBNP 30 ng/L 65.0% 76.8% 38.6% 84.6% 27.4%

NT-proBNP 40 ng/L 55.9% 68.8% 47.9% 83.6% 28.5%

NT-proBNP 50 ng/L 48.8% 62.4% 55.3% 83.0% 29.6%

NT-proBNP 60 ng/L 37.0% 49.4% 66.7% 81.4% 30.9%

NT-proBNP 70 ng/L 32.5% 44.9% 71.2% 81.1% 32.0%

NT-proBNP 80 ng/L 28.7% 41.2% 75.1% 80.9% 33.2%

NT-proBNP 90 ng/L 24.3% 37.1% 79.5% 80.7% 35.2%

NT-proBNP 100 ng/L 22.4% 36.0% 81.7% 80.9% 37.3%

NT-proBNP 110 ng/L 18.9% 32.5% 85.1% 80.7% 39.7%

NT-proBNP 120 ng/L 17.2% 29.9% 86.7% 80.4% 40.3%

NT-proBNP 130 ng/L 15.8% 28.6% 88.1% 80.4% 42.1%

NT-proBNP 140 ng/L 14.8% 27.1% 88.9% 80.2% 42.4%

NT-proBNP 150 ng/L 13.3% 25.5% 90.4% 80.1% 44.5%

NT-proBNP 300 ng/L 3.9% 9.7% 97.9% 78.3% 58.3%

NT-proBNP 400 ng/L 2.4% 6.6% 98.9% 77.8% 63.6%

NT-proBNP 500 ng/L 1.9% 6.2% 99.4% 77.9% 74.4%

NT-proBNP 600 ng/L 1.4% 5.1% 99.7% 77.7% 84.6%
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Table S3. (continued)

Biomarker Cutoff Abnormal test Sensitivity Specificity NPV PPV

Hs-cTnT 3 ng/L 59.4% 62.5% 41.5% 78.6% 24.4%

Hs-cTnT 4 ng/L 50.4% 54.9% 51.0% 79.0% 25.2%

Hs-cTnT 5 ng/L 33.5% 39.2% 68.3% 78.9% 27.2%

Hs-cTnT 6 ng/L 22.6% 30.3% 79.7% 79.1% 31.0%

Hs-cTnT 7 ng/L 15.5% 22.5% 86.6% 78.8% 33.6%

Hs-cTnT 8 ng/L 10.6% 17.5% 91.5% 78.6% 38.2%

Hs-cTnT 9 ng/L 7.6% 13.3% 94.1% 78.3% 40.2%

Hs-cTnT 10 ng/L 5.9% 10.5% 95.4% 78.0% 40.7%

Hs-cTnT 11 ng/L 4.3% 7.6% 96.7% 77.6% 40.8%

Hs-cTnT 12 ng/L 3.4% 6.3% 97.5% 77.6% 43.3%

Hs-cTnT 13 ng/L 2.9% 6.0% 98.0% 77.6% 47.2%

Hs-cTnT 14 ng/L 2.4% 4.6% 98.3% 77.4% 45.1%

LVEF<50% Cutoff Abnormal test Sensitivity Specificity NPV PPV

Nt-proBNP 10 ng/L 87.4% 90.8% 13.0% 92.0% 11.3%

Nt-proBNP 20 ng/L 76.4% 84.7% 24.6% 92.9% 12.1%

Nt-proBNP 30 ng/L 65.0% 77.3% 36.5% 92.9% 13.0%

Nt-proBNP 40 ng/L 55.9% 69.9% 45.8% 92.5% 13.6%

Nt-proBNP 50 ng/L 48.8% 65.3% 53.3% 92.6% 14.6%

Nt-proBNP 60 ng/L 37.0% 54.4% 65.1% 92.1% 16.1%

Nt-proBNP 70 ng/L 32.5% 49.5% 69.6% 91.8% 16.6%

Nt-proBNP 80 ng/L 28.7% 46.9% 73.6% 91.9% 17.8%

Nt-proBNP 90 ng/L 24.3% 42.5% 77.9% 91.7% 19.1%

Nt-proBNP 100 ng/L 22.4% 41.5% 79.9% 91.8% 20.2%

Nt-proBNP 110 ng/L 18.9% 36.9% 83.3% 91.5% 21.3%

Nt-proBNP 120 ng/L 17.2% 34.2% 84.9% 91.3% 21.8%

Nt-proBNP 130 ng/L 15.8% 31.9% 86.2% 91.2% 22.1%

Nt-proBNP 140 ng/L 14.8% 28.8% 87.0% 90.9% 21.3%

Nt-proBNP 150 ng/L 13.3% 27.1% 88.4% 90.8% 22.2%

NT-proBNP 300 ng/L 3.9% 12.4% 97.2% 90.0% 34.9%

NT-proBNP 400 ng/L 2.4% 10.4% 98.6% 90.0% 47.3%

NT-proBNP 500 ng/L 1.9% 9.6% 99.0% 89.9% 54.4%

NT-proBNP 600 ng/L 1.4% 8.8% 99.5% 89.9% 69.4%

Hs-cTnT 3 ng/L 59.4% 76.0% 42.6% 93.6% 14.0%

Hs-cTnT 4 ng/L 50.4% 67.8% 51.7% 92.9% 14.7%

Hs-cTnT 5 ng/L 33.5% 51.0% 68.7% 92.0% 16.6%

Hs-cTnT 6 ng/L 22.6% 41.8% 79.7% 91.8% 20.1%

Hs-cTnT 7 ng/L 15.5% 31.9% 86.5% 91.2% 22.5%

Hs-cTnT 8 ng/L 10.6% 25.3% 91.2% 90.9% 25.9%

Hs-cTnT 9 ng/L 7.6% 19.0% 93.8% 90.4% 27.2%

Hs-cTnT 10 ng/L 5.9% 15.6% 95.2% 90.2% 28.7%

Hs-cTnT 11 ng/L 4.3% 12.0% 96.6% 90.0% 30.1%

Hs-cTnT 12 ng/L 3.4% 10.8% 97.5% 89.9% 34.6%

Hs-cTnT 13 ng/L 2.9% 10.0% 97.9% 89.9% 37.2%

Hs-cTnT 14 ng/L 2.4% 7.9% 98.3% 89.7% 36.3%

LVEF <45% Cutoff Abnormal test Sensitivity Specificity NPV PPV

NT-proBNP 10 ng/L 87.4% 92.4% 12.7% 97.9% 3.6%
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Table S3. (continued)

Biomarker Cutoff Abnormal test Sensitivity Specificity NPV PPV

NT-proBNP 20 ng/L 76.4% 91.2% 24.1% 98.7% 4.1%

NT-proBNP 30 ng/L 65.0% 87.8% 35.8% 98.8% 4.6%

NT-proBNP 40 ng/L 55.9% 83.1% 45.0% 98.7% 5.1%

NT-proBNP 50 ng/L 48.8% 81.9% 52.4% 98.8% 5.8%

NT-proBNP 60 ng/L 37.0% 67.3% 64.1% 98.2% 6.2%

NT-proBNP 70 ng/L 32.5% 65.4% 68.7% 98.2% 6.9%

NT-proBNP 80 ng/L 28.7% 64.9% 72.6% 98.3% 7.8%

NT-proBNP 90 ng/L 24.3% 62.3% 77.0% 98.3% 8.8%

NT-proBNP 100 ng/L 22.4% 61.9% 79.0% 98.3% 9.5%

NT-proBNP 110 ng/L 18.9% 61.4% 82.6% 98.4% 11.1%

NT-proBNP 120 ng/L 17.2% 58.6% 84.3% 98.3% 11.7%

NT-proBNP 130 ng/L 15.8% 56.0% 85.7% 98.2% 12.2%

NT-proBNP 140 ng/L 14.8% 51.2% 86.5% 98.0% 11.9%

NT-proBNP 150 ng/L 13.3% 50.5% 88.0% 98.0% 13.0%

NT-proBNP 300 ng/L 3.9% 29.9% 97.1% 97.5% 26.5%

NT-proBNP 400 ng/L 2.4% 25.1% 98.4% 97.4% 35.7%

NT-proBNP 500 ng/L 1.9% 24.8% 98.9% 97.4% 44.1%

NT-proBNP 600 ng/L 1.4% 22.4% 99.4% 97.3% 55.6%

Hs-cTnT 3 ng/L 59.4% 88.4% 41.6% 99.0% 5.1%

Hs-cTnT 4 ng/L 50.4% 83.4% 50.8% 98.9% 5.7%

Hs-cTnT 5 ng/L 33.5% 67.5% 67.7% 98.3% 6.9%

Hs-cTnT 6 ng/L 22.6% 61.1% 78.7% 98.3% 9.3%

Hs-cTnT 7 ng/L 15.5% 47.8% 85.7% 97.9% 10.6%

Hs-cTnT 8 ng/L 10.6% 37.4% 90.3% 97.6% 12.1%

Hs-cTnT 9 ng/L 7.6% 33.7% 93.3% 97.5% 15.1%

Hs-cTnT 10 ng/L 5.9% 24.5% 94.7% 97.2% 14.1%

Hs-cTnT 11 ng/L 4.3% 17.5% 96.1% 97.0% 13.8%

Hs-cTnT 12 ng/L 3.4% 16.3% 97.1% 97.0% 16.4%

Hs-cTnT 13 ng/L 2.9% 13.8% 97.5% 96.9% 16.1%

Hs-cTnT 14 ng/L 2.4% 13.8% 98.0% 97.0% 19.8%

Hs-cTnT=High sensitive cardiac troponin T, LVEF=left ventricular ejection fraction, NT-proBNP=N-terminal pro B-type natriuretic 

peptide B, NPV=negative predictive value, PPV=positive predictive value.
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Table S4. Coefficients of clinical characteristics and cardiac biomarkers included in the multivariable logistic 

regression model for left ventricular dysfunction.

Factor

LVEF<52% (males)

LVEF<54% (females) LVEF<50% LVEF<45%

Log OR P-value Log OR P-value Log OR P-value

Intercept -4.095 <0.001 -5.131 <0.001 -7.607 <0.001

Female versus male sex 0.311 0.088 -0.532 0.033 -0.815 0.077

Age at diagnosis, per 1 year -0.029 0.131 -0.025 0.356 -0.021 0.637

Age at study, per 1 year -0.01 0.345 -0.011 0.434 0.008 0.761

Anthracycline dose, per 1 mg/m2 0.002 <0.001 0.003 0.001 0.003 0.019

Mitoxantrone dose, per 1 mg/m2 0.006 0.183 0.009 0.091 0.025 <0.001

Chest RT dose, per 1 Gray 0.017 0.029 0.014 0.13 0.007 0.66

Heart rate, per 1 bpm 0.032 <0.001 0.035 <0.001 0.036 0.008

NT-proBNP, per 1 ng/L 0.003 0.002 0.003 0.002 0.004 0.001

Hs-cTnT, per 1 ng/L 0.052 0.022 0.071 0.005 0.06 0.050

Abbreviations: BMI=body mass index, chest RT=chest-directed radiotherapy dose, CI=confidence interval, Hs-cTnT=high sensitive 

cardiac troponin T, NT-proBNP=N-terminal pro B-type natriuretic peptide B, OR=odds ratio.
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A B S T R AC T
As in other cardiomyopathies, extracellular matrix (ECM) remodeling plays an important role in 

anthracycline-induced cardiomyopathy. To understand the pattern and timing of ECM remodeling 

pathways we conducted a systematic review in which we describe protein and mRNA markers 

for ECM remodeling that are differentially expressed in the hearts of animals with anthracycline-

induced cardiomyopathy. We included 68 studies in mice, rats, rabbits and pigs with follow-up of 

0.1-8.2 human equivalent years after anthracycline administration. Using meta-analysis, we found 29 

proteins and 11 mRNAs that were differentially expressed in anthracycline-induced cardiomyopathy 

compared to controls. Collagens, matrix metalloproteinases (MMPs), inflammation markers, 

transforming growth factor ß signaling markers and markers for cardiac hypertrophy were 

upregulated, whereas the protein kinase B (AKT) pro-survival pathway was downregulated. Their 

expression patterns over time from single time-point studies were studied with meta-regression 

using human equivalent years as the time scale. Connective tissue growth factor showed an early 

peak in expression but remained upregulated at all studied time-points. Brain natriuretic peptide 

(BNP) and MMP9 protein levels increased in studies with longer follow-up. Significant associations 

were found for higher atrial natriuretic peptide with interstitial fibrosis and for higher BNP and 

MMP2 protein levels with left ventricular systolic function.
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I N T R O D U C T I O N
Anthracyclines are a class of chemotherapeutic agents used to treat various types of cancer and 

they have contributed to a significant improvement in survival of cancer patients.(1) However, 

anthracycline treatment is associated with left ventricular dysfunction and heart failure in a dose 

dependent manner and can occur up to decades after exposure.(2) 

Understanding the harmful mechanisms leading to anthracycline-induced cardiomyopathy and 

their timing in the transition to heart failure is critical to develop strategies for early detection, 

prevention and treatment. While the exact mechanism remains unclear, multiple processes 

have been identified to be involved in anthracycline-induced cardiotoxicity.(3, 4) A major role is 

attributed to inhibition of topoisomerase 2 activity, a nuclear enzyme required for DNA transcription 

and replication, which is followed by the formation of reactive oxygen species, mitochondrial 

dysfunction and apoptosis of cardiomyocytes.(5) 

As a central theme in cardiac remodeling and response to excess loading or injury, a hypertrophic 

response occurs within cardiomyocytes, but also in cardiac fibroblasts, which are ubiquitously 

present in the heart.(6) Excess loading conditions may trigger transforming growth factor ß 

(TGFß) induced fibroblast activation, which results in excessive production of extracellular matrix 

(ECM) components and ventricular dysfunction.(7) Irrespective of its cause, cardiomyocyte injury 

by itself triggers an inflammatory reaction, which also induces fibroblast activation.(6, 7, 8, 9). In 

anthracycline-induced cardiomyopathy both inflammatory and adverse ECM remodeling processes 

are present.(4, 10, 11, 12, 13, 14) Several transcriptomic analysis in animal and in vitro studies have 

reported differential expression in genes related to the innate immune system, TGFß signaling and 

collagen turnover.(10, 15, 16, 17, 18) Understanding the pathways and timing of ECM remodeling 

in anthracycline-induced cardiomyopathy is urgently needed to identify potential targets for 

treatment and blood markers that may be used during surveillance. In this systematic review 

we had 3 objectives: 1) to find which ECM remodeling markers are significantly upregulated or 

downregulated in the hearts of animals with anthracycline-induced cardiomyopathy compared to 

control animals; 2) to delineate possible temporal expression patterns of ECM remodeling markers, 

and 3) to find associations of ECM remodeling marker levels with interstitial fibrosis, left ventricular 

systolic function and/or apoptosis.  

M E T H O D S
This systematic review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines.(19) The protocol was registered in PROSPERO (ID: CRD42020161338), 

an international database of systematic review protocols. 

Search strategy, eligibility criteria and risk of bias assessment

Pubmed and EMBASE were systematically searched for studies measuring markers for ECM 

remodeling in animals with anthracycline-induced cardiomyopathy (search strategy in 

Supplementary Material). The reference list of included articles was screened for additional studies. 

Two authors independently screened studies and included studies with in vivo administration of 
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anthracyclines and with analysis of ECM proteins or mRNAs in heart tissue after at least 2 doses of 

anthracyclines, as this more closely reflects the situation in humans. Excluded were studies without 

anthracycline exposure, in vitro studies, studies with another concomitant cardiotoxic intervention, 

conference abstracts, studies not describing ECM remodeling markers and studies written in other 

languages than English, French or German. Discrepancies between the reviewers were discussed 

and resolved in group. Risk of bias was assessed with the systematic review center for laboratory 

animal experimentation risk of bias checklist by two authors.(20)

Data extraction

Data was extracted with a predefined form. Data only available in graphs was extracted with 

Adobe Acrobat Pro. Extracted were the number of animals, age at start of anthracyclines, time of 

sampling after the first anthracyclines dose, the anthracycline derivative and the cumulative dose 

in mg/kg. The mean and standard deviation of ECM remodeling markers, left ventricular ejection 

fraction (LVEF) or fractional shortening (FS), interstitial fibrosis area and cardiomyocyte apoptosis 

were extracted. If the standard deviation was not reported, it was calculated from the standardized 

error of the meanusing the formula: standard deviation=standardized error of the mean*√(number  

of animals). 

Age equivalency and follow-up comparison between animal species

To compare follow-up time after first anthracycline injection between animal species we converted 

animal age and follow-up duration to human equivalent years based on the maximum life span of each 

animal species obtained from the anAge longevity database (mice 4.0 years, rats 4.2 years, rabbits 

9 years, pigs 27 years, humans 90 years) (https://genomics.senescence.info/species/). Separate 

analyses were performed for small animals (mice, rats, rabbits) and pigs due to the differences in 

body mass and life expectancy. 

Objective 1: ECM remodeling markers in anthracycline-induced cardiomyopathy 

animals compared to control animals

We defined markers for ECM remodeling as proteins or mRNAs implicated in ECM remodeling as 

described by the authors of each study or as described in the literature. For every ECM remodeling 

marker described in each study, we calculated the ratio of the means (ROM) by dividing mean 

expression in cardiomyopathy animals by mean expression in control animals. A ROM >1 indicates 

a higher mean expression in anthracycline-induced cardiomyopathy whereas a ROM <1 indicates 

higher expression in controls.(21) We used a random effects meta-analysis to pool the ROM of 

each marker across studies and considered markers with a ROM>1.2 or <0.83 and a p-value <0.05 as 

significantly up- or downregulated, respectively. We used the Hartung and Knapp method to estimate 

p-values and 95% confidence intervals, as it has been shown to be more accurate in situations with 

moderate to substantial inter-study heterogeneity.(22) For presentation, we classified proteins and 

mRNAs into pathways as described in the literature and Reactome (reactome.org). Protein quantity 

(measured with Western blot) and gelatinase activity (measured with zymography) of MMP2 and 



E X T R A C E L L U L A R  M AT R I X  R E M O D E L I N G  I N  A N I M A L  M O D E L S

139

7

MMP9 were analyzed together to increase power since we did not observe differences in temporal 

trends when we analyzed them separately. mRNA expression of MMPs was measured in studies with 

quantitative polymerase chain reaction.

Objective 2: Temporal expression patterns of ECM remodeling markers

We used meta-regression to study temporal patterns in ECM marker levels after anthracycline 

injection. Meta-regression is a method to study the effect of an exploratory variable (time in our 

study) on the effect estimate of each study (ROM in our study).(21) In this analysis, we only included 

ECM markers measured at ≥5 unique time-points, either within the same study or in different studies 

that measured the same marker. 

Objective 3: Association of ECM remodeling markers with fibrosis, LV function, 
and apoptosis

We also used meta-regression to study the association of ECM marker levels with 1) myocardial 

interstitial fibrosis area (quantified with the standardized mean difference (SMD)), 2) LV systolic 

function (LVEF or FS) quantified with the SMD) and 3) cardiomyocyte apoptosis detected with 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL, quantified with the SMD). 

The SMD represents the difference in means between cardiomyopathy and control animals divided 

by the standard deviation, which is useful when measurements are on a different scale.(21) Only 

markers with ≥5 measurements were analyzed. Meta-analysis and meta-regression were performed 

in R studio version 3.6.1 using the “metafor” package. A two sided p-value <0.05 was considered 

statistically significant. P-values were not corrected for multiple testing in this hypothesis  

generating study.

Assessment of inter-study heterogeneity

Heterogeneity was quantified with the I2 statistic. An I2 between 0–25% reflects very low 

heterogeneity, 25–50% reflects low heterogeneity, 50–75% reflects moderate heterogeneity; and 

an I2 >75% reflects substantial heterogeneity.(21) As substantial heterogeneity was expected in animal 

studies and this review is hypothesis generating, we also describe the concordance in the direction 

of the effect (i.e., upregulation or downregulation in all studies). 

R E S U LT S
Overview of included studies in the systematic review

Using the search terms indicated in the supplementary material, we identified 915 original studies by 

searching PubMed and Embase. In addition, we identified 10 studies from expert knowledge and by 

reviewing the references of the studies (Figure 1). After exclusion of 809 studies based on title and 

abstract, we screened the full text of 116 studies. Main exclusion reasons were a single anthracycline 

dose (n=19), in vitro experiments in cell lines (n=16) and no marker for ECM remodeling studied 

(n=8). We included in total 68 studies in mice (19 studies, 312 animals), rats (40 studies, 752 animals), 

rabbits (6 studies, 96 animals) and pigs (3 studies, 43 animals ) in the systematic review. Study 
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characteristics are shown in Table S1 and are summarized in Table 1. The cumulative anthracycline 

dose ranged from 2.3 mg/kg to 40.0 mg/kg with a dose of 15.0 mg/kg most commonly used. Protein 

or mRNA levels were measured in heart tissue at 2 days up to 20 weeks after the first anthracycline 

injection corresponding to a human equivalent follow-up of 0.1 to 8.2 years. In the majority of 

Figure 1. PRISMA flowchart of study inclusion in the systematic review. ECM=extracellular matrix.

Table 1. Summary of the included studies stratified by animal species (characteristics per study are shown in Table S1).

Characteristic

Mice

19 studies

Rats

40 studies

Rabbits

6 studies

Pigs

3 studies

Number of animals 312 752 96 43

Median anthracycline dose, mg/kg (IQR) 15.0 (12.0, 24.0) 15.0 (12.0, 17.1) 30.0 (21.0, 30.0) 2.9 (2.6, 3.5)

Median weeks after injection (range) 5.0 (1.0, 18.0) 4.0 (0.3, 20.0) 10.0 (8.0, 20.0) 8.6 (4.3, 16)

Human equivalent follow-up in years, 

median (range)

2.2 (0.4, 7.8) 1.6 (0.1, 8.2) 1.9 (1.5, 3.8) 0.5 (0.3, 1.0)

LVEF and/or FS measurement 14 studies 18 studies 3 studies 3 studies

Fibrosis area measurement 13 studies 21 studies 5 studies 1 studies

Proteins/mRNAs measured Proteins n=44, mRNAs n=19

Abbreviations: IQR=inter quartile range, LVEF=left ventricular ejection fraction, FS=fractional shortening.
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studies, cardiomyopathy severity was assessed with cardiac function measurements (LVEF or FS). 

Histologic examination revealed interstitial fibrosis, cytoplasmic vacuolization and loss of myofibrils 

in most of the studies (Table S2).(23) 

Objective 1: ECM remodeling marker expression in anthracycline-induced 

cardiomyopathy compared to control hearts

Results of the meta-analysis in 65 studies in mice, rats and rabbits are shown in Figure 2. We identified 

30 proteins and 12 mRNAs that were significantly up- or downregulated in anthracycline-induced 

cardiomyopathy as compared to controls (random effect p-value <0.05 and ROM >1.20 or <0.83). We 

classified them in 6 pathways: 1) collagen synthesis, 2) matrix metalloproteinases, 3) transforming 

growth factor ß (TGFß) signaling, 4) protein kinase B (AKT) signaling, 5) immune system and 6) 

cardiac hypertrophy. Markers upregulated more than 3-fold were TGFß1 (ROM 3.80, n=13 studies), 

CTGF (ROM 4.04, n=6), SMAD3 (ROM 3.27, n=7), MMP2 mRNA (ROM 3.23, n=9), collagen I mRNA 

(ROM 3.22, n=7) and GAL3 (mRNA ROM 9.46, protein ROM 5.78, n=1) (Figure 2). Markers of interest 

that were upregulated less than 3-fold were MMP9 (ROM 1.94, n=13), MMP2 (ROM 1.50, n=19), TNFα 

(ROM 2.88, n=6) and IL6 (ROM 2.46, n=5 studies, p=0.03).

Due to the limited number of studies in pigs (3 studies) we report results descriptively. 

Goetzenich et al. studied matrix metalloproteinases at a human equivalent follow-up of ±0.3 years 

in pigs (mean LVEF 38%) treated with 5-7 intracoronary doses of 25mg doxorubicin (±2.9 mg/kg).(24) 

MMP2 and MMP1 activity, measured with fluorogenic assay, were increased 5 to 8-fold compared 

to controls, respectively. mRNA levels of MMP1 (4.9-fold), MMP2 (5.4-fold), MMP9 (4.7-fold) and 

membrane type-1 MMP (3.2-fold) were also significantly increased. The mRNA expression of MMP3, 

TIMP1 and collagen 1 were not significantly altered in this study.(24) 

Gyongyosi et al. performed RNA sequencing in pigs with less severe cardiomyopathy (mean 

LVEF 45%, cumulative doxorubicin dose 180 mg/m2, ±4.1 mg/kg) and with a slightly longer follow 

up of ±0.6 human equivalent years. In transcriptomic analysis, they showed differential expression 

of genes in the TGFß signaling pathway, ECM genes (fibroblast activation markers osteonectin 

and tenascin-c), DNA damage genes, collagen synthesis genes and growth factors. TIMP2 mRNA 

expression was significantly downregulated but mRNA levels of MMPs were not different in pigs with 

anthracycline-induced cardiomyopathy compared to controls.(18) 

Galán-Arriola et al. studied pigs with doxorubicin-induced cardiomyopathy (mean LVEF 32.5%, 

cumulative dose 2.25 mg/kg) and found a significant increase compared to healthy controls in 

mitochondrial fragmentation and in interstitial fibrosis area at ±1.0 human equivalent years.(25)

Objective 2: Temporal changes in ECM remodeling markers 

We used meta-regression to study temporal expression trends of proteins and mRNAs that were 

differentially expressed in our meta-analysis and were measured in at least 5 of the included studies. 

Results are presented in Table S3 and illustrated in Figure 3. We found 3 proteins of which expression in 

anthracycline-induced cardiomyopathy compared to control animals (ROM) changed significantly 

in studies with longer follow-up after anthracyclines. Connective tissue growth factor (CTGF) 
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Figure 2. Differentially expressed proteins and mRNAs from the random effects meta-analysis of studies in 

mice, rats and rabbits with anthracycline-induced cardiomyopathy (ACMP). The x-axis indicates the log2 

ratio of the means (ROM) from the random effects meta-analysis in ACMP compared to controls. Differentially 

expressed proteins and mRNAs (mR) with a ROM >1.2 or <0.83 and p-value <0.05 are shown. The size of each 

square is proportional with the number of studies in which the protein or mRNA was measured. Lines indicate 

the 95% confidence interval of the log2 ROM. MMP=matrix metalloproteinase, NTT=N-terminal truncated, 

TSP=thrombospondin, CTGF=connective tissue growth factor, TGFb1=transforming growth factor beta 1, 

SMAD=mothers against decapentaplegic homolog, p38 MAPK (p38 mitogen-activated protein kinases), 

pJAK2=phosphorylated janus kinase 2, BDNF=brain-derived neurotrophic factor, BMP=bone morphogenetic 

protein, mTOR=mechanistic target of rapamycin kinase, pAKT=phosphorylated protein kinase B, GAL3=galectin 

3, LMO4=LIM domain transcription factor, TNFa=tumor necrosis factor alpha, IL=interleukin, NFkB=nuclear 

factor kappa B, NLRP3=NLR family pyrin domain containing 3, TLR4=toll-like receptor 4, CD206=cluster of 

differentiation factor 206/mannose receptor on macrophages, pFAK=phosphorylated focal adhesion kinase, 

ANP=atrial natriuretic peptide, BNP=brain natriuretic peptide, CHRF=cardiac hypertrophy-related factor, 

CARP=cardiac adriamycin-responsive protein, GATA4=GATA binding protein 4.

protein was measured in studies performed at 0.4-1.7 human equivalent years after anthracycline 

administration. CTGF levels were higher in anthracycline-induced cardiomyopathy compared to 

controls in all studies with a peak at 0.4 human equivalent years after anthracycline administration 

and a decrease in studies with longer follow-up (1.70 lower ROM per year, meta-regression p=0.03). 

MMP9 protein was studied at 0.2-5.2 years and levels were higher in anthracycline-induced 
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cardiomyopathy compared to control animals in studies with longer follow-up after anthracycline 

administration (0.32 higher ROM per year, p=0.04). Brain natriuretic peptide (BNP) was studied at 

0.8-4.7 years and levels were higher in anthracycline-induced cardiomyopathy compared to control 

animals in studies with longer follow-up after anthracycline administration (0.32 higher ROM per 

year, p=0.04).

We observed consistent upregulation at ≥5 time points without a significant temporal trend in 

TGFß1 protein (0.8-4.7 human equivalent years), p38 mitogen-activated protein kinase (p38 MAPK) 

protein (0.8-3.9 years), tumor necrosis factor (TNFα) protein (0.8-4.7 years), nuclear factor-κB 

(NF-κB) protein (0.1-4.7 years), atrial natriuretic peptide (ANP) protein (0.4-4.1 years) and collagen 

I mRNA (0.8-8.2 years) (Figure 3, Table S3). 

Figure 3. Temporal expression patterns of extracellular matrix related proteins in mouse, rat and rabbit 

models of anthracycline-induced cardiomyopathy (ACMP). Every dot represents one study where the size is 

proportional to the weight in the meta-regression. Lines and ribbons represent the meta-regression fit and 95% 

confidence interval. Proteins significantly association with time after first anthracycline injection in the meta-

regression were connective tissue growth factor (CTGF, negative association, p=0.02), brain natriuretic peptide 

(BNP, positive association, p=0.03) and matrix metalloproteinase 9 (MMP9, positive association, p=0.04). 

ANP=atrial natriuretic peptide, MMP2=matrix metalloproteinase 2, mR=mRNA, NFκB=Nuclear factor-κB, 

TGFß=transforming growth factor beta, TNFα=tumor necrosis factor alpha, pAKT=phosphorylated protein 

kinase B, p38 MAPK=p38 mitogen-activated protein kinases.
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Objective 3: Association of ECM remodeling markers with interstitial fibrosis, LV 
function and cardiomyocyte apoptosis

We studied associations of interstitial fibrosis area, LV systolic function and cardiomyocyte apoptosis 

with time after anthracycline administration (Figure 4) and with protein or mRNA levels (Table S3) 

using meta-regression of studies performed in mice, rats and rabbits. 

Interstitial fibrosis area, investigated with Sirius red staining’s in 38 studies, was more pronounced 

in anthracycline-induced cardiomyopathy as compared to control animals (SMD 5.70, p<0.0001) and 

increased in studies with longer follow-up (1.71 increase in SMD per human equivalent year, p=0.01)

(Figure 4). Two studies, performed in rats and mice, reported a significant increase in interstitial 

fibrosis area as early as 0.4 human equivalent years after anthracyclines.(26, 27) Higher ANP protein 

levels were associated with a larger interstitial fibrosis area (0.76 higher ROM per 1 SMD increase 

in interstitial fibrosis area, p=0.01)(Table S3). The expression of TGFß1, CTGF, MMPs, NFkB and TNFα 

were not significantly associated with interstitial fibrosis area.

LV systolic function, measured with LVEF or FS in 40 studies, was worse in anthracycline-induced 

cardiomyopathy compared to control animals (SMD -3.65, p<0.0001) and lower LV systolic function 

was observed in studies with longer follow-up (-0.77 SMD decrease per 1 human equivalent year, 

p=0.02)(Figure 4). LV measurements were performed in anesthetized animals in 36 studies and in 

4 studies this was unclear. Higher MMP2 protein (p=0.02) and BNP protein (p=0.04) levels were 

associated with worse LV systolic function (Table S3). 

Cardiomyocyte apoptosis, measured with TUNEL in 28 studies, was higher in anthracycline-

induced cardiomyopathy compared to control animals (SMD 6.21, p<0.0001). This increase in 

apoptosis as measured with TUNEL was confirmed in 9 studies using caspase 3 (SMD 9.03, p=0.01). 

A decreasing trend in apoptosis was observed in studies with a longer follow-up after first 

anthracycline injection, although not statistically significant (p=0.44, Figure 4). The study with 

the longest follow up after anthracycline administration (56 days, 3.5 human equivalent years) in mice 

treated with a cumulative dose of 12 mg/kg, still demonstrated apoptosis of cardiomyocytes and 

vascular smooth muscle cells.(28) In meta-regression, higher mRNA expression of MMP2 (p=0.02) 

and higher protein levels of TGFß1 (p=0.03) were significantly associated with more cardiomyocyte 

apoptosis (Table S3).

Inter-study heterogeneity in marker expression

Significant heterogeneity in marker expression values was present between studies in most of 

the markers pooled in the meta-analysis (I2>75%). However, the direction of the marker expression 

was the same in all studies except for MMP2 (downregulation in one study that used a higher 

cumulative dose of 24 mg/kg(29)) and phosphorylated AKT (upregulation in 3 studies(13, 30, 31)). 

We did not observe differences in anthracycline dose and/or animal species that could explain 

heterogeneity in AKT expression.

Risk of bias assessment

Risk of bias was unknown in the majority of the included studies (Table S4). Random group 

allocation was performed in 34/68 studies and blinding of the outcome assessor and investigators 
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Figure 4. Relationship between interstitial fibrosis area (A), systolic function (B), apoptosis (C) and time 

after first anthracycline injection in individual studies in mice, rats and rabbits. Every dot represents one 

study where the size is proportional to the weight in the meta-regression. Lines and ribbons represent the meta-

regression fit and 95% confidence interval, respectively. Interstitial fibrosis area, left ventricular (LV) systolic 

function (LV ejection fraction (LVEF) or fractional shortening (FS)) and apoptosis (terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL)) were expressed as a standardized mean difference (SMD) between 

anthracycline-induced cardiomyopathy (ACMP) and control animals (calculated as the difference in means 

between ACMP animals and control animals divided by the standard deviation). 

was reported in 15 of the included studies. Attrition bias might have been present in 17 studies where 

animal dropouts were not explained sufficiently (Table S4).

D I S C U S S I O N
To better understand the association of ECM remodeling with anthracycline-induced 

cardiomyopathy development, we explored the presence and temporal patterns in protein and 

mRNA markers for ECM remodeling in 68 animal studies. In our meta-analysis, we demonstrate 

that collagens, matrix metalloproteinases MMP2 and MMP9, immune system markers and markers 

in the TGFß signaling and cardiac hypertrophy pathway are upregulated in anthracycline-induced 

cardiomyopathy whereas the AKT pro-survival pathway is downregulated. Furthermore, by using 

meta-regression we show temporal changes in markers for TGFß-induced fibroblast activation 
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(CTGF protein), cardiac hypertrophy/wall stress (BNP protein) and MMP9. In addition, with this 

meta-regression technique, we also markers for ECM remodeling that were associated with worse 

LV systolic function (BNP and MMP2 protein) and with more interstitial fibrosis (ANP protein). In 

the following sections, we discuss the markers identified in our systematic review per pathway. In 

the final section, we summarize the overall temporal ECM remodeling patterns in anthracycline-

induced cardiomyopathy.

TGFß signaling and collagen synthesis

TGFß1 is the key initiator of fibroblast-myofibroblast conversion and collagen synthesis in the heart.

(7) In our meta-analysis, TGFß1 and one of its signal transducers (SMAD3) were consistently 

upregulated two- to fourfold in the hearts of animals with anthracycline-induced cardiomyopathy 

from 0.8 to 4.7 human equivalent years after anthracycline administration, suggesting pro-fibrotic 

signaling is present at both early and late stages. A downstream target of the canonical TGFß1-

SMAD pathway, CTGF, was upregulated in all studies included in our meta-analysis, with an early 

peak in studies performed within 1 human equivalent years after anthracycline administration.

(7) A pressure overload animal model also demonstrated this early peak upregulation in CTGF in 

the heart, followed by a later reduced but steady upregulation.(32) In addition, the non-canonical 

p38 MAPK pathway was consistently upregulated in our review, which is also a critical regulator of 

fibrotic remodeling.(33) Fibroblast activation markers, such as osteonectin mRNA and tenascin-c 

mRNA were upregulated in one of the two reviewed studies in pigs.(18) Finally, as a likely result 

of the above described pro-fibrotic signaling, we observed upregulation of collagen type I 

(protein) and III (mRNA) and an increase in interstitial fibrosis area at longer follow-up durations  

after anthracyclines.

Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are present in the normal heart in an inactive form. Activation 

of MMPs, especially the gelatinases MMP-2 and MMP-9, is associated with adverse remodeling 

and LV dilatation in heart failure patients, and precedes LV dysfunction in animal models with 

tachycardiomyopathy, suggesting that they are early markers of cardiomyopathy.(34) MMP2 and 

MMP9 are expressed and secreted by cardiac fibroblasts, cardiomyocytes, endothelial cells and 

immune cells.(35) During secretion a substantial fraction of MMP2, and likely also MMP9, remains 

intracellular where it can be activated.(36) MMP2 is activated by oxidative stress in cardiomyocytes, 

in part due to upregulating N-terminal truncated intracellular MMP2, which explains the acute 

presence and activity of MMP2 in anthracycline-induced cardiomyopathy.(37, 38) Transcription 

and activation of MMP2 can also be enhanced by the innate immune system, including NFkB-

signaling.(39, 40) Interestingly, this innate immune system activation is also triggered by N-terminal 

truncated MMP2.(36) MMP2 is most well-known for proteolizing ECM proteins but is also active 

inside cardiomyocytes where it cleaves sarcomeric proteins.(38)

In our meta-regression, MMP2 and MMP9 were upregulated in anthracycline-induced 

cardiomyopathy compared to controls and MMP9 levels were higher in studies with longer follow-up 
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after anthracyclines. In addition, a strongly increased MMP9 mRNA expression was found in one of 

the included studies in pigs.(24) To localize MMPs, three studies demonstrated MMP2 activity in 

sarcomeres and mitochondria of cardiomyocytes and more localized MMP2 activity next to areas 

with fibrosis, while MMP1 activity (a collagenase) was observed mainly surrounding blood vessels 

and surviving cardiomyocytes. (24, 41) We did not find studies that localized MMP9, but their source 

is assumed to be mainly from macrophages.(28) 

MMP activity should be interpreted together with the activity from their inhibitors (TIMPs).(34) 

In our systematic review, TIMP2 mRNA was downregulated in one study in pigs from Gyongyosi et 

al.(18) TIMPs (type 1, 2, 3 and 4) were not differentially expressed in our meta-analysis of 6 studies in 

mice, rats and rabbits. 

The matricellular protein thrombospondin-2 (TSP2), mainly expressed by fibroblasts, is known 

to inhibit the proteolytic activity of MMP2 by binding to active MMP2.(42) In one of the studies 

included in our systematic review, TSP2 was upregulated early after doxorubicin-treatment of 

wild-type mice compared to control mice while MMP2 was not upregulated.(29) In the same 

study, TSP2 knock-down mice treated with doxorubicin showed enhanced MMP2 activity and ECM 

disruption compared to doxorubicin-treated wild-type mice.(29) This suggests that TSP2 controls 

MMP2 activity.    

Markers for inflammation

In response to cardiomyocyte injury, the innate immune system is activated with release of pro-

inflammatory cytokines and chemokines that promote immune cell infiltration and initiate 

pathological LV remodeling.(6) Toll-like receptors, expressed on macrophages and dendritic cells, 

act as sensors for doxorubicin-induced cell death (through recognition of damage-associated 

molecular pattern molecules (DAMPs)) and initiate release of the inflammatory cytokines (e.g., 

TNFα) and chemokines (e.g., C-C motif chemokine ligands).(43, 44, 45) In the setting of chronic 

inflammation, these pro-inflammatory cytokines can induce pathological ECM remodeling in 

animal models.(9) For example, in mice that selectively overexpressed TNFα, MMPs were activated 

in the initial stages of inflammation resulting in ECM degradation and LV dilatation, while prolonged 

inflammation promoted mast-cell mediated TGFß signaling and collagen synthesis.(9, 46, 47) 

The NF-κB protein complex, which is present in almost every cell type, is involved in the innate 

immune system and regulates cell survival and cytokine production.(48) NF-κB and TNFα were 

consistently upregulated in all studies included in our systematic review, which suggests (chronic) 

inflammation in anthracycline-induced cardiomyopathy. While NF-κB has a cardioprotective role 

during acute myocardial injury by preventing cardiomyocyte apoptosis, persistent activation of 

NF-κB is maladaptive by inducing production of the inflammatory cytokines TNFα, IL6 and IL1ß.

(48) Whether the persistent increase in inflammation markers we observed is the result of ongoing 

release of DAMPs by injured cardiomyocytes or that other processes also contribute, such as 

the release of pro-inflammatory ECM fragments during matrix degradation by MMPs(9), is unknown.
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Cardiac hypertrophy and wall stress

Natriuretic peptides are established markers for ventricular wall stress and cardiac hypertrophy and 

have anti-fibrotic properties.(32, 49) Not surprisingly, in our review, higher BNP levels were present 

in studies with longer follow-up after anthracyclines and higher BNP levels were associated with 

lower LV function. In addition, higher ANP levels were associated with more interstitial fibrosis, in 

agreement with previous studies.(49, 50)

AKT-signaling 

AKT-signaling regulates cardiac hypertrophy, angiogenesis, glucose metabolism and promotes 

survival.(51) It has been shown that in situations with increased cardiac stress, short-term activation 

of AKT prevents cardiomyocyte apoptosis and promotes physiological hypertrophy, while 

long-term activation induces pathological hypertrophy and ECM remodeling.(52) In our review, 

phosphorylated AKT was downregulated in most of the included studies. However, two studies in 

rats included in our review reported upregulations in phosphorylated AKT.(13, 30) These seem to 

be exceptions, however, and overall downregulated AKT levels were seen, which suggests both 

impaired cardiomyocyte survival signaling in anthracycline-induced cardiomyopathy, as well as 

a potential failed protective effect against pathological ECM remodeling. 

Limitations

Some limitations should be considered. First, heterogeneity in marker expression was significant 

between studies and might have been caused by differences in animal models, protein and mRNA 

measurement techniques and follow-up time. However, the direction of up- or downregulations 

were concordant for most of the markers, allowing us to draw conclusion on the direction of 

the association of markers with anthracycline-induced cardiomyopathy. Second, animal models 

are different from anthracycline-induced cardiomyopathy seen in humans as higher anthracycline 

doses are used in animals (15 mg/kg in rodents corresponds to ± 580 mg/m2 in humans), latency 

to cardiomyopathy development is longer in humans and animal models lack exposure to aging 

related cardiovascular risk factors. The conversion of animal follow-up times to human equivalent 

years, that allowed us to compare temporal changes in marker expression across species, should 

mainly be seen as indicative for the effects of anthracyclines in human perspective. 

Summary of temporal ECM remodeling patterns in anthracycline-induced 
cardiomyopathy 

Based on our review and knowledge obtained from other cardiomyopathies(6, 7, 9, 53), we propose 

the following temporal ECM remodeling patterns in anthracycline-induced cardiomyopathy  

(Figure 5). We distinguish three main processes that together contribute to the observed ECM 

remodeling. First, in response to anthracycline-induced cardiomyocyte injury (including oxidative 

stress and apoptosis) and release of DAMPS, the innate immune system is activated with release 

of pro-inflammatory cytokines by macrophages and other immune cells.(9, 44) The consistent 

increase in expression of NFkB we observed in our review reflects a strong innate immune response 
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Figure 5. Summary of extracellular matrix remodeling in anthracycline-induced cardiomyopathy. 

Upregulated markers are in red, downregulated markers are in blue. AKT=phosphorylated protein kinase B, 

ANT=anthracyclines, CTGF=connective tissue growth factor, MMP=matrix metalloproteinase, NFκB=Nuclear 

factor-κB, p38 MAPK=p38 mitogen-activated protein kinases, SMAD=Small Mothers Against Decapentaplegic 

homolog, TGFb=transforming growth factor ß, TIMP=tissue inhibitor of metalloproteinase, TNF=tumor necrosis 

factor, TSP2=Thrombospondin 2. Created with biorender.com. 

that is known to cause pathological ECM remodeling when persistently activated.(48) Similarly, we 

observed persistent upregulation of the pro-inflammatory cytokine TNFα, which also implicates 

a chronic pro-inflammatory state in anthracycline-induced cardiomyopathy. 

Second, both oxidative stress and the subsequent inflammatory reaction can activate MMPs 

within cardiomyocytes, fibroblasts and immune cells. ECM fragments released during matrix 

degradation by activated MMPs are itself pro-inflammatory and thus result in a positive feedback 

loop with chronic inflammation and matrix metalloproteinase activation.(53) In this review, we 

observed upregulation in MMPs (MMP2 and MMP9) with increasing levels of MMP9 in studies with 

longer follow-up, which is inadequately counteracted by TIMPs. This shows that this pathway is 
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persistently activated in anthracycline-induced cardiomyopathy and that dysregulation might 

become more pronounced longer after anthracycline administration, possibly due to MMP9 

secretion by invading immune cells.  

Third, chronic inflammation as well as the release of DAMPs can trigger TGFb1 activation 

and fibroblast to myofibroblast conversion and subsequent collagen synthesis.(53) We observed 

upregulation of markers in the TGFb signaling pathway, such as CTGF that showed an early peak 

in expression and sustained upregulation in studies with longer follow-up after anthracyclines. 

Myofibroblasts are activated by chronic inflammation and they also secrete a number of pro-

inflammatory cytokines themselves that are able to maintain the chronic inflammation that we 

observed in this review.(54)

In summary, the innate immune system, MMPs and the TGFb signaling pathway are tightly 

connected to each other and are persistently activated in animals after exposure to anthracyclines 

without a clear diminish over time. Together the above processes are likely to contribute to 

the observed ECM remodeling with accumulation of interstitial fibrosis in the hearts of animals with 

anthracycline-induced cardiomyopathy.
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A B S T R AC T
Background

Plasma biomarkers may aid in the detection of anthracycline-induced cardiomyopathy (ACMP). 

However, the currently available biomarkers have limited diagnostic value in long-term childhood 

cancer survivors (CCS). This study sought to identify diagnostic plasma biomarkers for ACMP in CCS.

Methods and results

We measured 275 plasma proteins in 28 ACMP cases with left ventricular ejection fraction 

(LVEF)<45%, 29 anthracycline-treated controls with LVEF≥53% matched on sex, time after cancer 

and anthracycline dose and 29 patients with genetically-determined dilated cardiomyopathy (DCM) 

with LVEF<45%. Multivariable linear regression was used to identify differentially expressed proteins. 

Elastic net model including clinical characteristics was used to assess discrimination of proteins 

diagnostic for ACMP. 

N-terminal pro-B-type natriuretic peptide (NT-proBNP) and the inflammatory markers C-C motif 

chemokine-ligands (CCL19, CCL20), pulmonary surfactant protein-D (PSPD) and pleiotrophin (PTN) 

were significantly upregulated in ACMP compared to controls. An elastic net model selected 45 

proteins, including NT-proBNP, CCL19, CCL20 and PSPD, but not PTN, that discriminated ACMP cases 

from controls with an area under the curve (AUC) of 0.78. This model was not superior to a model 

including NT-proBNP and clinical characteristics (AUC=0.75, p=0.766). However, when excluding 8 

ACMP cases with heart failure, the full model was superior to that including only NT-proBNP and 

clinical characteristics (AUC=0.75 versus AUC=0.50, p=0.022). The same 45 proteins also showed 

good discrimination between DCM and controls (AUC 0.89), underscoring their association  

with cardiomyopathy. 

Conclusions

We identified three specific inflammatory proteins as candidate plasma biomarkers for ACMP in 

long-term CCS and demonstrated protein overlap with DCM.
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I N T R O D U C T I O N
Childhood cancer survivors (CCS) treated with anthracyclines, mitoxantrone and/or chest-directed 

radiotherapy are at high risk for heart failure with 11.6% developing heart failure within 40 years 

from cancer diagnosis.(1) Due to the high risk of heart failure and the potential benefits of early 

detection and treatment of cardiac dysfunction, life-long echocardiographic surveillance is 

currently recommended.(2) 

Blood biomarkers with a high sensitivity and sufficient specificity could be useful as a time-

efficient and cost-effective triage test, where survivors with a normal biomarker level can safely 

be deferred from further workup with an echocardiogram.(3) Blood biomarkers could also be used 

in addition to an echocardiogram to improve its diagnostic accuracy or for prognostic reasons. 

Up till now, N-terminal pro B-type natriuretic peptide (NT-proBNP) and troponins have been 

studied but lack sufficient sensitivity to detect asymptomatic left ventricular (LV) dysfunction in 

long-term CCS and are therefore not recommended for surveillance purposes.(2, 4) Few studies 

have utilized plasma proteomics to identify additional biomarkers that might improve detection 

of anthracycline-related cardiomyopathy (ACMP), some of which in pediatric cancer patients in 

the acute phase(5) and others assessing the value of natriuretic peptides, cardiac troponin T, soluble 

suppression of tumourigenicity-2 (ST2) and galectin-3 carnitine, in long-term CCS(6, 7). However, 

most of the studies using larger scale proteomic analyses have been conducted in adult cancer 

patients during or shortly after anthracycline treatment.(8, 9, 10) 

In this discovery case-control study in the Dutch Childhood Cancer Survivor Study (DCCSS 

LATER 2 CARD), we sought to identify candidate plasma proteins that would be able to discriminate 

ACMP cases from anthracycline-treated controls with normal left ventricular function, using a large 

biomarker panel consisting of markers for ventricular wall stress, oxidative stress, inflammation, 

cellular adhesion, apoptosis and extracellular matrix remodeling. To further support the hypothesis 

that the selected markers are associated with cardiomyopathy and not with a systemic effect of 

anthracyclines in those sensitive to them, we compared plasma levels of the proteins that we identified 

in ACMP with plasma levels in patients with genetically-determined dilated cardiomyopathy (DCM). 

M E T H O D S
The data that support the findings of this study are available from the corresponding author upon 

reasonable request.

Study design and study participants

We conducted a cross-sectional case-control study as part of the DCCSS LATER 2 CARD study. 

The design of this cohort study has been published.(11) In short, DCCSS LATER 2 CARD is a multicenter 

study in 5-year CCS diagnosed with a malignancy before the age of 18 years and between 1/1/1963 

and 12/31/2001 who were treated with (potentially) cardiotoxic cancer treatments. Participants 

visited the outpatient clinic between February 2016 and February 2020 for questionnaires, physical 

examination, blood sampling, electrocardiography and echocardiography. For primary analysis of 

this biomarker case control study, we included CCS treated with anthracyclines or mitoxantrone, 
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with or without concomitant chest-directed radiotherapy. CCS with congenital heart disease were 

excluded. The first 30 ACMP cases (defined as a LVEF<45%) included in the DCCSS LATER 2 CARD 

study were selected and matched with 30 anthracycline-treated controls without ACMP (defined as 

LVEF≥53% without ≥grade 2 diastolic dysfunction or valvular disease)(Figure 1). We chose to include 

these first 30 ACMP cases because 1) the inclusion for the DCCSS LATER 2 CARD was still ongoing 

at time of this case-control study and 2) to ensure a random selection of ACMP cases. Controls 

were propensity score matched to ACMP cases where the propensity score was estimated with 

logistic regression of case status on the covariates sex, time since cancer diagnosis and cumulative 

anthracycline/mitoxantrone dose (calculated as doxorubicin equivalents).(12) For secondary 

analysis, we included DCM patients with LVEF <45% and a pathogenic titin truncating variant or 

Figure 1. Study design of the LATER CARD biomarker case control study. ACMP=anthracycline cardiomyopathy, 

DCM=dilated cardiomyopathy, LMNA=lamin A/C, LOD=limit of detection, LVEF=left ventricular ejection 

fraction, QC=quality control.
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a lamin A/C mutation from the Amsterdam University Medical Center and the UNRAVEL database 

at the University Medical Center Utrecht in the Netherlands.(13) These DCM patients were included 

to test whether or not the plasma proteins selected to be discriminative  for ACMP would also be 

discriminative for DCM.

Ethics

The investigation conforms with the principles outlined in the Declaration of Helsinki. The LATER 

CARD study was approved by the medical ethics board of all participating centers and included 

blood biobanking for future analysis. The medical ethics board of the Amsterdam University Medical 

Center and the University Medical Center Utrecht approved the biobanking of blood samples from 

DCM patients. UNRAVEL follows the code of conduct and the use of data in health research and has 

been approved by the biobank board of the medical ethics committee of the University Medical 

Center Utrecht.(13) Informed consent was obtained from all participants.

Data collection

Patient and cancer treatment characteristics were obtained from the central database of the LATER 

study (ACMP cases and controls) and from medical records (DCM patients). Cumulative anthracycline 

dose was calculated as the doxorubicin equivalent dose.(12) Cardiac medication use, heart failure 

symptoms and modifiable cardiovascular risk factors were obtained from questionnaires (CCS) 

and medical records (DCM patients). In ACMP cases and controls, self-reported heart failure and 

cardiovascular risk factors were considered present if patients reported the use of medications 

for the condition. All participants underwent a physical examination at time of blood sampling to 

obtain body mass index (BMI) and blood pressure. Fasting citrate blood samples were obtained from 

participants within 6 months from the qualifying echocardiogram (86% of samples were obtained 

at the same day). Samples were centrifuged at 3000xg for 10 minutes, stored within one hour at 

-80 degrees Celsius and shipped on dry ice to the central biobank. In ACMP cases and controls, 

echocardiographic parameters, including biplane LVEF, were measured by a core lab blinded for 

clinical characteristics.(14) In DCM patients, echocardiographic parameters were obtained from 

medical records.

Plasma protein measurements

Plasma levels of 276 proteins were measured with a proximity extension assay in 3µL of citrate 

plasma per patient using the Cardiovascular III, Organ Damage and Inflammation panels from Olink 

Proteomics (Uppsala, Sweden). We chose these three panels because of their known association 

with cardiovascular disease, apoptosis, inflammation and remodeling. Panel validation data can be 

found at Olink.com. The proximity extension assay is based on pairs of antibodies that are linked to 

proximity probes. Upon binding of the antibody pair to their target protein, the probes are brought 

in proximity and are extended by a DNA polymerase that can subsequently be detected with 

real-time PCR. Protein levels are expressed as Normalized Protein Expression (NPX) values, which 

are relative units expressed on the log2 scale where a 1-unit higher NPX value represents a doubling 
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of protein concentration. Study groups were randomly distributed over the plate. Samples that did 

not pass Olink quality control (>0.3 NPX median deviation from the internal control) were excluded. 

Protein levels below the linear limit of detection (LOD) were replaced with the estimated NPX value 

at the non-linear part of the calibration curve if <25% was below LOD. Proteins with ≥25% below LOD 

were excluded (n=54 proteins). These 54 proteins were not exclusively expressed in one of the study 

groups. Two PCR readout failures were median imputed (macrophage-capping protein in one ACMP 

case and transmembrane serine protease 15 in one DCM case).

Statistical analysis

Descriptive statistics

Continuous variables were checked for normality by visual inspection using histograms and are 

presented as mean ± standard deviation (SD) for normally distributed variables and as median 

with range for skewed variables. Categorical variables are presented as numbers and percentages. 

Continuous variables were compared with the t-test or Wilcoxon signed rank test, where 

appropriate. Categorical variables were compared with the Chi-square test or the Fisher exact test 

(when expected counts were <5). All analyses were conducted in R version 3.6.1.

Primary analysis: ACMP cases compared to anthracycline-treated controls

Differential expression of plasma proteins in ACMP cases compared to controls was tested with 

multivariable linear regression models estimating log2 fold changes. Models were adjusted for sex, 

time since cancer diagnosis, anthracycline/mitoxantrone dose and chest-directed radiotherapy 

dose. P-values were corrected for multiple testing with the q-value, which can be interpreted 

as a false discovery rate.(15) A q-value<0.1 was considered statistically significant. In sensitivity 

analyses, models were adjusted for NT-proBNP levels and were restricted to ACMP cases without 

self-reported heart failure. 

Elastic net logistic regression was used to identify a combination of plasma proteins best 

discriminating ACMP cases from controls. The elastic net simultaneously performs variable 

selection and shrinkage of coefficients of a large number of predictors and is relatively robust 

to collinear predictors.(16) Predictors entered in the elastic net were all plasma proteins and 

the clinical characteristics sex, age at cancer diagnosis, time since cancer diagnosis, anthracycline/

mitoxantrone dose and chest-directed radiotherapy dose. NT-proBNP was not subjected to selection 

and coefficient shrinkage as we aimed to find proteins independent of NT-proBNP. Predictors 

were standardized to have a mean of zero and a standard deviation of one. We used a nested 

cross validation strategy to test performance of the elastic net on data not seen during training 

of the model. Matched case-control pairs were divided into a training set and test set with 10x10-

fold cross-validation. The elastic net parameters (alpha and lambda) were optimized on the training 

set with 5-fold cross validation and the parameter combination that was within one standard error 

from the optimal area under the receiver operating characteristic curve (AUC) was chosen. Median 

model performance over the cross validation folds was evaluated on the test set with the AUC, and 

with sensitivity and specificity at the threshold maximizing the sum of sensitivity and specificity. 
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Proteins selected in ≥40% of the cross validation folds were considered important. Performance of 

the elastic net model including all proteins and clinical characteristics was compared to an elastic 

net model including only NT-proBNP and clinical characteristics. AUCs were compared and 95% 

confidence intervals were calculated with the Wilcoxon signed rank test. In additional analysis in 

asymptomatic CCS, elastic net models were also fitted in ACMP cases without heart failure and their 

matched controls only.

Secondary analysis: ACMP cases compared to DCM patients 

Differential expression of plasma proteins in ACMP cases compared to DCM patients was tested with 

multivariable linear regression models adjusted for sex, age at blood sample and LVEF. A q-value 

<0.1 was considered statistically significant. The group of proteins discriminating ACMP cases from 

controls were tested for their ability to also discriminate DCM patients from controls with the elastic 

net using the same modeling steps as described for the primary analysis. 

R E S U LT S
Patient characteristics

After exclusion of 4 samples that did not pass quality control, we included 28 ACMP cases, 29 

matched anthracycline-treated controls and 29 DCM patients in this study (Figure 1). Characteristics 

of the participants are outlined in Table 1. ACMP cases and controls were successfully matched with 

respect to sex (46.4 and 48.3% male, respectively, p=1.0), time since cancer diagnosis (median 25.4 

years and 29.4 years, respectively, p=0.107) and cumulative anthracycline dose (median 360.0 mg/

m2 and 300.0 mg/m2, respectively, p=0.626). As compared to ACMP cases, DCM patients were older 

(median 37.6 and 56.0 years, respectively; p<0.001) and were more frequently male (46.4% and 

82.8%, p=0.006). Mean LVEF in ACMP cases was 40.6%±5.8%, versus 58.1%±3.2% in controls and was 

lowest in DCM patients (37.0%±7.5%). Cardiac medications were used by all of the DCM patients, by 

16 (57.1%) of the ACMP cases and by 3 (10.3%) of the controls. Heart failure was reported by 8 (28.6%) 

of the ACMP cases and 22 (75.9%) of the DCM patients. Hypertension, diabetes and dyslipidemia 

were reported by a minority of CCS and DCM patients. Characteristics of ACMP cases without heart 

failure compared to matched controls are presented in Table S1. 

Primary analysis: ACMP cases compared to anthracycline treated controls

Differential expression of plasma proteins in ACMP cases compared to controls

In multivariable linear regression analyses adjusted for sex, time since cancer diagnosis, anthracycline 

and chest-directed radiotherapy dose, plasma levels of NT-proBNP, C-C motif chemokine 19 (CCL19), 

pleiotrophin (PTN), C-C motif chemokine (CCL20), and pulmonary surfactant protein D (PSPD) were 

significantly higher in ACMP cases compared to controls (q-value <0.1, Figure 2, Table S2). When 

we additionally adjusted for NT-proBNP levels, CCL19, CCL20, PSPD and PTN remained significantly 

upregulated (Table S3). When we performed the analysis in 20 ACMP cases without heart failure 

(reflecting a surveillance population) and their matched controls, NT-proBNP was not significantly 

upregulated (p=0.231), while the other 4 proteins remained significantly upregulated (Table S3). 
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Biomarkers which have previously been shown to have diagnostic or prognostic value in heart 

failure patients, including soluble suppression of tumourigenicity-2 (sST2), galectin-3, troponin 

I, tumor necrosis factor (TNF), interleukin-6, osteopontin and tumor necrosis factor receptor 

superfamily member 6 (FAS), were not differentially expressed in ACMP cases compared to controls  

(all q-values >0.1, Table S2). 

Discriminative plasma proteins identified with elastic net 

The elastic net model trained on all proteins and clinical characteristics selected 45 proteins in 

>40% of the elastic net cross validation folds, which indicates they are potentially important in 

discriminating ACMP cases from controls (Figure 2, Table S2). Next to NT-proBNP which was not 

subjected to selection, this panel mainly consisted of inflammatory markers such as CCL19, CCL20, 

Figure 2. Volcano plot showing fold changes (x-axis) and p-values (y-axis) of 222 plasma proteins in 

anthracycline related cardiomyopathy (ACMP) compared to matched anthracycline-treated controls. Fold 

changes and p-values were estimated with multivariable linear regression analysis adjusted for sex, time since 

cancer diagnosis, anthracycline and chest-directed radiotherapy dose. Significantly upregulated proteins 

(q-value <0.1) are shown in red. Proteins selected by the elastic net in >40% of the cross validation folds are shown 

as a triangle. Abbreviations: CCL=C-C motif chemokine ligand, CD40=Cluster of differentiation 40, CXCL10=C-

X-C motif chemokine ligand 10, FGF21=Fibroblast growth factor 21, JAMA=Junctional adhesion molecule A, NT-

proBNP=N-terminal pro-B-type natriuretic peptide, PSPD=Pulmonary surfactant protein D, PTN=pleiotrophin.
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CCL25 and PSPD, and adhesion molecules such as chitinase 3 like 1 (CHI3L1), P selectin (SELP), 

EPH receptor B4 (EPHB4) and intracellular adhesion molecule 2 (ICAM2). All proteins that were 

significantly upregulated in the multivariable linear regression analysis were also selected by 

the elastic net, except for PTN which was selected in 18% of the folds, suggesting PTN does not 

contribute much to the discrimination when combined with other proteins.   

Performance of the elastic net in discriminating ACMP cases from controls

The elastic net model trained on all proteins and clinical characteristics had a cross-validated 

AUC of 0.78, a sensitivity of 87% and a specificity of 78% (Table 2). Discrimination of this model 

was slightly but not significantly higher compared to an elastic net model trained on NT-proBNP 

and clinical characteristics only (AUC=0.75, p=0.766). To better reflect a surveillance population of 

asymptomatic CCS, we repeated the analysis in 20 ACMP cases without self-reported heart failure 

and their matched controls (n=21). In this analysis, discrimination of the elastic net model trained 

on all proteins and clinical characteristics retained its discriminative value better as compared to 

the elastic net trained on NT-proBNP and clinical characteristics only (AUC 0.75 versus AUC 0.50, 

p=0.022)(Table 2). Importantly, CCL19, CCL20 and PSPD were also selected by the elastic net in >40% 

of the cross-validation folds in this analysis in ACMP cases without heart failure. 

Secondary analysis: Plasma protein expression in ACMP cases compared to DCM 

patients

In multivariable linear regression analyses adjusted for sex, age and LVEF, none of the 5 upregulated 

proteins in ACMP cases compared to controls (NT-proBNP, CCL19, CCL20, PSPD, PTN) were 

differentially expressed in ACMP cases compared to genetically-determined DCM patients 

Table 2. Cross validated performance measures of elastic net models, including clinical characteristics and plasma 

proteins, to discriminate anthracycline-related cardiomyopathy cases from anthracycline-treated controls. 

Performance measures are reported for elastic net models fitted in all participants and in asymptomatic cases 

without heart failure.

Performance measure

NT-proBNP + clinical 

characteristics*

All proteins + clinical 

characteristics* Wilcoxon test p-value

Main analysis in all participants (n=57)

AUC (95% CI) 0.75 (0.71-0.80) 0.78 (0.72-0.83) 0.766

Sensitivity (95% CI) 86% (0.82-0.90) 87% (0.83-0.91) -

Specificity (95% CI) 78% (0.82-0.90) 78% (0.72-0.84) -

Analysis in asymptomatic cases without heart failure (n=41)

AUC (95% CI) 0.50 (0.50-0.62) 0.75 (0.63-0.75) 0.022

Sensitivity (95% CI) 89% (0.84-0.93) 90% (0.86-0.94) -

Specificity (95% CI) 61% (0.54-0.68) 69% (0.62-0.76) -

*Clinical characteristics included sex, age at cancer diagnosis, time since cancer diagnosis, anthracycline/mitoxantrone dose 

(doxorubicin equivalents) and chest-directed radiotherapy dose. Sensitivities and specificities are reported at the threshold 

maximizing the sum of sensitivity and specificity. Abbreviations: CI=confidence interval.
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(Table S2). Similar results were obtained when not adjusting the multivariable linear regression 

analysis for differences in LVEF between ACMP and DCM (NT-proBNP, CCL19, CCL20, PSPD 

and PTN all had p>0.05). In the elastic net model, the 45 discriminative proteins for ACMP 

including NT-proBNP were also highly discriminative for DCM compared to controls (elastic 

net AUC 0.89), and the AUC remained high when excluding NT-proBNP from this protein panel  

(elastic net AUC 0.86).

D I S C U S S I O N
In this discovery case-control study, we identified three inflammatory proteins CCL19, CCL20 and 

PSPD as candidate plasma biomarkers for detection of ACMP in long-term CCS, independently 

of clinical characteristics such as anthracycline dose, independently of NT-proBNP levels and 

independently of the presence of heart failure. Supporting the role of these proteins in detecting 

ACMP is their similarly increased presence in patients with genetically determined DCM. As our 

sample population is small, we regard the results as a promising finding that awaits confirmation in 

a larger cohort.

Previous studies in survivors of breast cancer treated with anthracyclines have also reported 

an association of inflammatory biomarkers with decreased left ventricular function.(10, 17) In one 

of the studies, at a mean of 11±5.5 years after treatment with anthracyclines and/or radiotherapy, 

11 plasma proteins related to cardiovascular disease were associated with decreasing LVEFs that 

were still in the normal range (median LVEF of 58%, inter quartile range 55-60%).(10) We confirm 

upregulation of one of these proteins, the inflammatory adipokine and chemokine RARRES2, which in 

our study showed an association with ACMP in CCS that did not surpass the multiple testing threshold 

in our study (Table S2). In another study in breast cancer patients with more severely depressed 

LVEF (i.e. ≤40%, n=5) compared to anthracycline-treated controls (n=10), a transcriptomics analysis 

demonstrated differential expression in genes related to lymphocyte activation and B cell receptor 

signaling(17), which is interesting in relation to our study since CCL19 and CCL20 are chemotactic 

for T and B cells. In accordance with previous studies in CCS and breast cancer survivors, we show 

that galectin-3, ST2, IL6, TNF and troponin I are not differentially expressed in ACMP cases compared 

to controls.(4, 6, 10) This finding is interesting since these biomarkers have been shown to be 

predictive of heart failure in the general population but may be related to other etiologies of heart 

failure.(18, 19, 20)

Inclusion of a third group of patients with genetically-determined DCM in secondary analysis 

allowed us to study potential overlap in biomarker profile in ACMP as compared to DCM. 

Interestingly, we did not find significant differences between ACMP cases and DCM patients in 

plasma levels of the proteins upregulated in ACMP and the majority of proteins identified with elastic 

net. This overlap in upregulation strengthens the hypothesis that these proteins are associated with 

cardiomyopathy and do not reflect a systemic sensitivity for anthracyclines.  

Despite the association of CCL19, CCL20 and PSPD with cardiomyopathy in our study, the cellular 

source(s) contributing to the elevated plasma levels remain uncertain. CCL19 and CCL20 are 

chemokines secreted by immune cells and cardiac fibroblasts in the heart under the influence 
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of pro-inflammatory cytokines, but also by peripheral immune cells residing in lymph nodes.(21) 

PSPD is an innate immune pattern recognition collection expressed in the myocardium, but also in 

the lung and the vascular endothelium.(22) In addition, previous studies in heart failure patients have 

demonstrated discrepancies between plasma and myocardial protein levels of other inflammatory 

proteins, such as galectin-3, GDF-15, TNF and IL-6.(23, 24) It is therefore likely that the elevated 

plasma levels found in our study in ACMP and DCM are to a large extent produced by extracardiac 

sources such as peripheral immune cells or vascular endothelial cells.   

As for clinical utility, it is promising that the biomarker panel had a high sensitivity, while 

maintaining sufficient specificity to limit false positives, even in those patients in whom NT-proBNP 

could not discriminate between ACMP and controls. However, clinical utility of the identified plasma 

biomarker levels for the diagnosis of LV dysfunction may be better assessed in larger cohorts and 

will be the subject of ongoing research.

Limitations

One may question the generalizability of our results to a surveillance population because we defined 

cardiomyopathy as a LVEF<45% and because 8 patients already had symptoms of heart failure. 

However, the LVEF thresholds of <45% for ACMP and ≥53% for controls made it possible to make 

a clear distinction between ACMP and controls, which was of importance in this discovery study. 

We also replicated the results in ACMP cases without heart failure. The patients with DCM were not 

matched to the ACMP patients. However, we adjusted the analyses for differences in sex, age and 

LVEF. This study should be seen as exploratory, with the purpose to select promising biomarker 

candidates to further study for their diagnostic value to detect asymptomatic cardiomyopathy in 

the DCCSS LATER 2 CARD cohort.(11) 

C O N C L U S I O N
We identified the chemokine ligands CCL19 and CCL20 and the innate immune system marker PSPD 

as candidate diagnostic plasma biomarkers for anthracycline-related cardiomyopathy in long-term 

CCS. By demonstrating overlap in expression of these biomarkers with those found in patients 

with genetically-determined DCM the hypothesis is strengthened that these protein markers are 

related to cardiac dysfunction. Further exploration and validation of the findings in a larger cohort is  

still needed.
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The supplemental material is available at https://doi.org/10.1161/jaha.121.025935. 
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S U M M A RY 
Survivors of childhood, adolescent, and young adult cancer, previously treated with anthracycline 

chemotherapy (including mitoxantrone) or radiotherapy in which the heart was exposed, are at 

increased risk of cardiomyopathy. Symptomatic cardiomyopathy is typically preceded by a series 

of gradually progressive, asymptomatic changes in structure and function of the heart that 

can be ameliorated with treatment, prompting specialist organisations to endorse guidelines 

on cardiac surveillance in at-risk survivors of cancer. In 2015, the International Late Effects of 

Childhood Cancer Guideline Harmonization Group compiled these guidelines into a uniform set of 

recommendations applicable to a broad spectrum of clinical environments with varying resource 

availabilities. Since then, additional studies have provided insight into dose thresholds associated 

with a risk of asymptomatic and symptomatic cardiomyopathy, have characterised risk over time, 

and have established the cost-effectiveness of different surveillance strategies. This systematic 

Review and guideline provides updated recommendations based on the evidence published up to  

September, 2020.
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I N T R O D U C T I O N 
Survivors of childhood, adolescent, and young adult (CAYA) cancer who have been previously 

exposed to anthracycline chemotherapy or the anthraquinone mitoxantrone (both of which 

are hereafter referred to as anthracycline), or radiotherapy in which the heart was exposed, are 

at increased risk for heart failure. Survivors exposed to doxorubicin-equivalent anthracycline 

doses of less than 250 mg/m² are at an approximately three-times increased risk of heart failure, 

and survivors exposed to at least 250 mg/m² are at an approximately nine-times increased risk of 

heart failure, compared with unexposed survivors.(1–5) Notably, survivors are seven times more 

likely to die from heart failure than their siblings.(6) Heart failure is typically preceded by a series 

of progressive asymptomatic changes in structure and function of the heart that occur over time. 

Timely identification of survivors at risk of heart failure is essential to expedite treatment and 

improve prognosis.(3,7) Asymptomatic changes (eg, impaired global longitudinal strain, reduction 

in left-ventricular ejection fraction [LVEF], or the presence of late gadolinium enhancement of 

the left ventricle) can be detected by echocardiography or cardiac magnetic resonance (CMR) 

imaging. Since the development of the first International Late Effects of Childhood Cancer 

Guideline Harmonization Group (IGHG) cardiomyopathy guideline in 2015,(3) several reports have 

refined dose thresholds associated with cardiomyopathy risk, investigated longitudinal cohorts to 

identify risk over time, and established the costeffectiveness of different surveillance strategies. In 

this Review, we assessed and graded the quality of studies included in the previous IGHG guideline 

and those published since, summarised available evidence, and formulated recommendations 

supported by these data. 

M E T H O D S
The IGHG cardiac guideline development panel included a working group of 34 international 

experts. Panellists were selected on the basis of expertise in paediatric and radiotherapy oncology, 

cancer survivorship, cardiology, epidemiology, and guideline methodology (appendix pp 2–3).

Scope and definitions

The objective of the current guidelines are to provide tailored cardiomyopathy surveillance 

recommendations for health-care providers and survivors of CAYA cancer who were younger than 

25 years at diagnosis, are at least 2 years from the completion of cancer therapy, and were previously 

treated with anthracycline chemotherapy or radiotherapy in which the heart was exposed (hereafter 

referred to as chest-directed radiotherapy).

Heart failure was defined according to the European Society of Cardiology and American Heart 

Association guidelines (appendix pp 4–5). Asymptomatic left- ventricular systolic or diastolic 

dysfunction (ALVD) was defined according to the American Society of Echocardiography and 

the Echocardiography and the European Association Cardiovascular Imaging recommendations 

(appendix pp 5–6).
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Systematic literature review

We performed a systematic literature review according to previously published IGHG methods 

(figure 1).(3,8) The expert panel developed clinical queries regarding anthracycline-related and 

radiotherapy-related cardio- myopathy to evaluate: (1) who needs cardiomyopathy surveillance; 

(2) what surveillance modality should be used; (3) at what frequency should cardio- myopathy 

surveillance be performed; and (4) what should be done when abnormalities are identified  

(appendix pp 6–10).

Search strategy and selection criteria

We used MEDLINE (via PubMed) to update the previous systematic literature search, including 

studies published between Jan 1, 2013, and Sept 30, 2020. Specific search terms can be found in 

appendix (pp 11–16). Manuscripts and references were reviewed by two or more expert panel 

members to ensure key studies were not overlooked. Detailed study inclusion criteria are provided 

in the appendix (p 17). Eligible populations included cohorts of survivors of childhood, adolescent, 

and young adult cancer of whom at least 75% had been diagnosed with cancer at younger than 25 

years and at least 50% had been followed up 2 years or more after the completion of therapy, with 

all participants having completed cancer treatment. Eligible cancer treatment exposures included 

anthracyclines (including mitoxantrone), chest-directed radiotherapy, and novel cancer treatments 

(appendix pp 4–5). Primary outcomes included heart failure and asymptomatic left ventricular 

systolic or diastolic dysfunction (ALVD). For study eligibility, we accepted all definitions of heart 

failure and ALVD and all study designs except case reports and case series. The minimum sample size 

for inclusion was 100 for studies reporting risk factors and risk over time and 20 for studies reporting 

the other clinical questions (eg, what surveillance modality should be used and what should be done 

when abnormalities are identified).

Levels of evidence and strength of recommendations

We used previously standardised data-extraction templates in the summarising of the evidence for 

newly identified studies.(8) The quality of previously published(3) and newly identified evidence was 

graded with the established Grades of Recommendation, Assessment, Development, and Evaluation 

(GRADE) methods (appendix pp 18–23).(9–11) We graded the quality of the total body of evidence as 

high quality (ie, additional research is unlikely to change the confidence in the estimate of effect), 

moderate quality (ie, additional research is likely to have an important effect on the confidence 

in the estimate of effect and might change the estimate), low quality (ie, additional research is 

very likely to have an important effect on the confidence in the estimate of effect and is likely to 

change the estimate), or very low quality (ie, any estimate of effect is very uncertain). The level of 

the evidence decreased for study limitations, inconsistency of results between studies, indirectness 

of the study populations or outcomes, imprecision of the effect estimates, or the presence of 

publication bias. The level of the evidence increased if effect sizes were large or there was evidence 

for a dose-response relationship or plausible confounding. Two authors, MJE and JML, did 

the GRADE assessments and discrepancies were resolved by an additional author as needed. If no 
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evidence was identified, relevant information was extrapolated from clinical practice guidelines in 

the general population. For genetic variants associated with anthracycline- induced cardiotoxicity, 

quality of evidence was adopted from the Canadian Pharmacogenomics Network for Drug Safety 

and the pharmacogenetics database (appendix pp 23–24).

Translating evidence into recommendations

Systematically collated evidence was translated into clinical recommendations according to 

the GRADE evidence-to-decision framework.(12) Surveillance recommendations were formulated 

following consideration of the quality of evidence, magnitude of effect, costs versus benefits 

of surveillance, ability to effectively intervene when reduced cardiac function was detected, 

and generalisability across various health-care systems with varying resource availability. As in 

the previous guidelines,(3) survivors at an increased risk for heart failure of less than 1·5 times 

compared with unexposed survivors were considered to be at low risk, 1·5�4 times were considered 

to be at moderate risk, and 4 times or higher were considered to be at high risk.

R E S U LT S
Our updated search yielded 1618 reports for title and abstract review, of which 46 met the inclusion 

criteria and underwent data abstraction. Also included were four studies identified from citation 

searching, four from expert knowledge, 11 clinical practice guidelines, and one systematic 

review. An additional 30 studies from the previous report were reviewed and quality was graded 

to harmonise the quality assessment. We identified high- quality studies supporting changes to 

the previous guidelines with respect to radiation dose thresholds associated with cardiomyopathy, 

surveillance intensity, and the need for surveillance in the low-risk group (figure 2). The appendix 

includes studies from the updated literature search (appendix pp 24–35), evidence tables  

(appendix pp 36–189), summary of findings (appendix pp 189–308), and the conclusions of evidence 

(appendix pp 309–18).

Treatment-related risk factors for cardiomyopathy

High cumulative anthracycline and chest-directed radio-therapy doses were associated with an 

increased risk of cardiomyopathy in survivors of CAYA cancer. We identified high-quality evidence 

that survivors of CAYA cancer exposed to doxorubicin-equivalent(1,13) cumulative anthracycline 

doses of at least 250 mg/m2 were at more than a five times increased risk of heart failure compared 

with patients who received none.(1,2,5,13–20) Similarly, the risk of ALVD, as measured by left-

ventricular ejection fraction, was 2·7 to 3·8 times higher in patients treated with 100–300 mg/m2 and 

more than four times higher in patients treated with over 300 mg/m2 of anthracyclines compared 

with patients who received none.(21–23) In contrast, patients treated with cumulative anthracycline 

doses of less than 100 mg/m2 were not at a significantly increased risk of heart failure or ALVD 

compared with those who received none.(14,16,17,21,23) 

We identified novel, moderate-quality evidence suggesting differential potency associated with 

anthra- cycline derivatives with respect to heart failure,(13,19) whereas previous estimations were 
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2015 2022

General recommendation

Survivors treated with anthracyclines or chest 

radiation (RT) or both and their healthcare providers 

should be aware of the risk of cardiomyopathy

CAYA cancer survivors treated with anthracyclines, 

chest RT, or both (high-quality evidence), and their 

health care providers should be aware of the risk of 

cardiomyopathy (strong recommendation).

Who needs cardiomyopathy surveillance?

Anthracyclines and/or mitoxantrone (as doxorubicin equivalent dose) alone

Cardiomyopathy surveillance is  

recommended for survivors treated with  

high dose (≥250 mg/m2) anthracyclines.

Cardiomyopathy surveillance is recommended for 

CAYA cancer survivors treated with high dose (≥250 

mg/m2) anthracyclines (high-quality evidence,  

strong recommendation)

Cardiomyopathy surveillance is reasonable for 

survivors treated with moderate dose  

(≥100 to <250 mg/m2) anthracyclines.

Cardiomyopathy surveillance is reasonable for CAYA 

cancer survivors treated with moderate dose (≥100 to 

<250 mg/m2) anthracyclines (high-quality evidence, 

moderate recommendation).

Cardiomyopathy surveillance may be  

reasonable for survivors treated with low  

dose (<100 mg/m2) anthracyclines.

Cardiomyopathy surveillance is not recommended 

for CAYA cancer survivors treated with low 

dose (<100 mg/m2) anthracyclines (high-quality 

evidence, strong recommendation).

Chest-directed radiotherapy alone

Cardiomyopathy surveillance is recommended for 

survivors treated with high dose (≥35 Gy) chest RT.

Cardiomyopathy surveillance is recommended for 

CAYA cancer survivors treated with high  

dose (≥30 Gy) chest RT (high-quality evidence,  

strong recommendation).

Cardiomyopathy surveillance may be reasonable for 

survivors treated with moderate dose (≥15 to <35 Gy) 

chest RT.

Cardiomyopathy surveillance is reasonable for CAYA 

cancer survivors treated with moderate dose  

(≥15 to <30 Gy) chest RT (high-quality evidence, 

moderate recommendation).

No recommendation can be formulated for 

cardiomyopathy surveillance for survivors treated 

with low dose (<15 Gy) chest RT with  

conventional fractionation.

Cardiomyopathy surveillance is not recommended 

for CAYA cancer survivors treated with low dose (<15 

Gy) chest RT with conventional fractionation (high-

quality evidence, strong recommendation).

Anthracyclines and chest-directed radiotherapy

Cardiomyopathy surveillance is recommended 

for survivors treated with moderate to high dose 

anthracyclines (≥100 mg/m2) and moderate to high 

dose chest RT (≥15 Gy). 

Cardiomyopathy surveillance is recommended for 

CAYA cancer survivors treated with moderate to high 

dose anthracyclines (≥100 mg/m2) and moderate to 

high dose chest RT (≥15 Gy) (high-quality evidence, 

strong recommendation).

Figure 2. Cardiomyopathy surveillance recommendations formulated in 2015 versus 2022. Green=strong 

recommendation to do; Orange=moderate recommendation to do; Red=recommendation not to do. 2D=two-

dimensional. 3D=three-dimensional. ACE=angiotensin converting enzyme. ARB=angiotensin receptor blocker. 

CAYA=childhood, adolescent, and young adult. CMR=cardiac magnetic resonance. *Left-ventricular systolic 

and diastolic dysfunction as defined by the America Society of Echocardiography and the European Association 

of Cardiovascular Imaging (appendix pp 4–5).
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2015 2022

Dexrazoxane

- No recommendation can be formulated to change 

cardiomyopathy surveillance in CAYA cancer survivors 

who received dexrazoxane cardioprotection with 

anthracycline administration (low-quality evidence).

Pregnancy

Cardiomyopathy surveillance is reasonable before 

pregnancy or in the first trimester for all female 

survivors treated with anthracyclines or chest RT.

Cardiomyopathy surveillance is reasonable before 

pregnancy or in the first trimester for moderate 

and high-risk female CAYA cancer survivors treated 

with anthracyclines or chest RT (moderate-quality 

evidence, moderate recommendation).

No recommendations can be formulated for 

the frequency of ongoing surveillance in pregnant 

survivors who have normal left ventricular (LV) 

systolic function immediately before or during 

the first trimester of pregnancy.

Continuing cardiomyopathy surveillance is 

reasonable during pregnancy for survivors of CAYA 

cancer treated with any dose of anthracyclines or 

chest-directed radiotherapy who had a history of 

previous left- ventricular systolic dysfunction that has 

resolved, even in the presence of a normal baseline 

ejection fraction, in the first trimester (moderate-

quality evidence, moderate recommendation)

Genetic variants

- No recommendation can be formulated for 

cardiomyopathy surveillance in CAYA cancer 

survivors carrying a genetic variant that increases 

or decreases the risk of developing cardiomyopathy 

(low-quality evidence).

What surveillance modality should be used?

Echocardiography is recommended as the primary 

cardiomyopathy surveillance modality for assessment 

of LV systolic function in survivors treated with 

anthracyclines or chest RT.

LV ejection fraction measured with 2D or 3D 

echocardiography is recommended as the primary 

cardiomyopathy surveillance modality for assessment 

of LV systolic function in CAYA cancer survivors 

treated with anthracyclines or chest RT (moderate-

quality evidence, strong recommendation).

Radionuclide angiography or CMR may be reasonable 

for cardiomyopathy surveillance in at-risk survivors 

for whom echocardiography is not technically 

feasible or optimal.

Cardiac magnetic resonance imaging may be 

reasonable for cardiomyopathy surveillance in at-risk 

CAYA cancer survivors for whom echocardiography 

is not technically feasible or optimal (expert opinion, 

moderate recommendation).

Assessment of cardiac blood biomarkers (e.g., 

natriuretic peptides) in conjunction with imaging 

studies may be reasonable in instances where 

symptomatic cardiomyopathy is strongly suspected 

or in individuals who have borderline cardiac function 

during primary surveillance.

Assessment of cardiac blood biomarkers (e.g., 

natriuretic peptides) in conjunction with imaging 

studies may be reasonable in instances where 

symptomatic cardiomyopathy is strongly suspected 

or in CAYA cancer survivors who have borderline 

cardiac function during primary surveillance (expert 

opinion, moderate recommendation).

Figure 2. Cardiomyopathy surveillance recommendations formulated in 2015 versus 2022. (continued)
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2015 2022

Assessment of cardiac blood biomarkers 

(e.g., natriuretic peptides and troponins) is 

not recommended as the only strategy for 

cardiomyopathy surveillance in at-risk survivors.

Assessment of cardiac blood biomarkers (e.g., 

natriuretic peptides and troponins) is not 

recommended as the only strategy for cardiomyopathy 

surveillance in at-risk CAYA cancer survivors (low- to 

moderate-quality evidence, strong recommendation).

At what frequency should cardiomyopathy surveillance be performed?

High-risk CAYA cancer survivors

Cardiomyopathy surveillance is recommended for 

high-risk survivors to begin no later than 2-years after 

completion of cardiotoxic therapy, repeated at 5-years 

after diagnosis and continued every 5 years thereafter.

Cardiomyopathy surveillance is recommended for 

high-risk CAYA cancer survivors to begin no later 

than 2 years after completion of cardiotoxic therapy 

and continued every 2 years thereafter (moderate-

quality evidence, strong recommendation).

More frequent cardiomyopathy surveillance is 

reasonable for high-risk survivors.

-

Lifelong cardiomyopathy surveillance may be 

reasonable for high-risk survivors.

Lifelong cardiomyopathy surveillance is reasonable 

for high-risk CAYA cancer survivors (expert opinion, 

moderate recommendation).

Moderate-risk CAYA cancer survivors

Cardiomyopathy surveillance is reasonable for 

moderate- and low-risk survivors to begin no later 

than 2 years after completion of cardiotoxic therapy, 

repeated at 5-years after diagnosis, and continue 

every 5 years thereafter.

Cardiomyopathy surveillance is reasonable for 

moderate-risk CAYA cancer survivors to begin no 

later than 2 years after completion of cardiotoxic 

therapy, repeated at 5 years after diagnosis, and 

continue every 5 years thereafter (low-quality 

evidence, moderate recommendation).

More frequent cardiomyopathy surveillance may be 

reasonable for moderate- and low-risk survivors.

-

Lifelong cardiomyopathy surveillance may be 

reasonable for moderate- and low-risk survivors.

Lifelong cardiomyopathy surveillance is reasonable 

for moderate-risk CAYA cancer survivors (expert 

opinion, moderate recommendation).

Low-risk CAYA cancer survivors

Cardiomyopathy surveillance is reasonable for 

moderate and low-risk survivors to begin no later 

than 2 years after completion of cardiotoxic therapy, 

repeated at 5 years after diagnosis and continue every 

5 years thereafter.

Cardiomyopathy surveillance is not recommended 

in low-risk CAYA cancer survivors (moderate-

quality evidence).

What should be done when abnormalities are identified?

Cardiology consultation is recommended for 

survivors with asymptomatic cardiomyopathy 

following treatment with anthracyclines or chest RT.

Cardiology consultation is recommended for CAYA cancer 

survivors with asymptomatic LV systolic or diastolic 

dysfunction** following treatment with anthracyclines or 

chest RT (expert opinion, strong recommendations).

- Treatment with heart failure medications (ACE 

inhibitors, ARBs, beta-blockers) is recommended 

in CAYA cancer survivors with asymptomatic LV 

ejection fraction <40%, according to guidelines from 

the general population (low- to high-quality evidence 

in the general population, strong recommendation).

Figure 2. Cardiomyopathy surveillance recommendations formulated in 2015 versus 2022. (continued)
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2015 2022

No recommendations can be formulated about 

treatment with heart failure medications in CAYA 

cancer survivors with asymptomatic borderline (LV 

ejection fraction between 40% and the lower limit of 

normal) cardiac function (no studies in CAYA cancer 

survivors, no evidence in the general population).

Advice regarding physical activity and modifiable cardiovascular risk factors

Cardiology consultation is recommended for 

survivors with asymptomatic cardiomyopathy to 

define limits and precautions for exercise.

Cardiology consultation is recommended for CAYA 

cancer survivors with asymptomatic cardiomyopathy 

to define limits and precautions for exercise (expert 

opinion, strong recommendation).

Cardiology consultation may be reasonable for 

high-risk survivors who plan to participate in high 

intensity exercise to define limits and precautions for 

physical activity.

Cardiology consultation is reasonable for high-risk CAYA 

cancer survivors who plan to participate in high intensity 

exercise to define limits and precautions for physical 

activity (expert opinion, moderate recommendation).

Screening for modifiable cardiovascular risk 

factors (hypertension, diabetes, dyslipidemia, and 

obesity) is recommended for all survivors treated 

with anthracyclines or chest RT so that necessary 

interventions can be initiated to help avert the risk of 

symptomatic cardiomyopathy.

Screening for and management of modifiable 

cardiovascular risk factors (hypertension, diabetes, 

dyslipidemia, obesity, smoking, alcohol intake) is 

recommended for all CAYA cancer survivors treated 

with anthracyclines or chest RT to help avert the risk 

of symptomatic cardiomyopathy (evidence-based 

guidelines, strong recommendation).

Figure 2. Cardiomyopathy surveillance recommendations formulated in 2015 versus 2022. (continued)

derived from associations with haematopoietic toxicity. In the first of these pooled cohort studies, 

investigators reported a 50% reduction in the risk of heart failure with daunorubicin compared with 

doxorubicin (hazard ratio [HR] 0·45, 95% CI 0·23–0·73).(13) A follow-up report expanded the initial 

study population and identified an approximately 10:1 potency of mitoxantrone compared with 

doxorubicin (HR 10·5, 95% CI 6·2–19·1), a substantial increase from the widely accepted 4:1 ratio.(19)

Survivors of CAYA cancer who have been exposed to chest-directed radiotherapy were also at 

increased risk for cardiomyopathy. High-quality evidence supports an increase in heart failure of 1·6 to 

6·1 times among survivors exposed to chest doses ranging from 15–34 Gy,(1,2,5,14–16,18–20) whereas in 

studies that exclusively evaluated the risk in individuals exposed to doses of 30–35 Gy or higher, the risk 

ranged from 3·5 to 19·7 times that observed in unexposed individuals.(1,2,5,14–16,18–20) Three studies 

specifically investigated a dose threshold of at least 30 Gy and found a 6·7 to 20·6 times increased risk of 

heart failure compared with unexposed individuals,(15,18,20) suggesting a need to revise the previous 

threshold of more than 35 Gy to define individuals at high risk(3) to more than 30 Gy. In contrast, those 

exposed to chest doses less than 15 Gy without anthracyclines were not at a significantly increased risk 

of heart failure compared with those who received none.(2,5,14–16,18,20,24)

Several studies with high-quality evidence reported a higher risk of heart failure in individuals 

who had received both anthracyclines and chest-directed radiotherapy compared with individuals 

who had received either treatment alone.(1,4,15,18,19,24,25) However, no study investigated this 
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association with respect to asymptomatic cardiomyopathy. We identified no study that reported 

the risk of cardiomyopathy with novel therapies (eg, checkpoint inhibitors and tyrosine kinase 

inhibitors; appendix pp 4–5) in survivors of CAYA cancer.

Health-care providers have coadministered dexrazoxane and anthracycline chemotherapy to 

potentially mitigate the risk of cardiomyopathy. A 2022 meta-analysis and IGHG guideline found 

low-quality evidence for a lowered risk of heart failure in anthracycline-treated children (pooled 

relative risk 0·20, 95% CI 0·01–4·19) and adults (0·22, 0·11–0·43) who received dexrazoxane.(26) 

However, there are no data on the effect of dexrazoxane use on surveillance practices in survivors 

of CAYA cancer, highlighting a crucial need for studies quantifying its effect on risk stratification. 

Other risk factors for cardiomyopathy

We found moderate-quality evidence of an increased risk of heart failure in female survivors of 

CAYA cancer compared with male survivors.(1–5,13–25,27–94) The increased risk of ALVD was not 

statistically significant in female survivors compared with male survivors in most studies reviewed; 

however, most studies did not use the currently recommended sex-specific definitions of ALVD,(94) 

which might have contributed to this finding (appendix pp 4–5). We found low-quality evidence 

for an association between a younger age at diagnosis and an increased risk of heart failure, but no 

significant association with ALVD.(1–5,13–25,27–94)

Our search yielded a range of studies that reported on the association between traditional 

cardiovascular risk factors and the risk of anthracycline-associated or radiotherapy-associated 

cardiomyopathy. Most notably, high-quality and moderate-quality evidence supported 

the association between hypertension and heart failure(5,14,16,25,27,28,95) and ALVD.(21,29,30) 

Armstrong and colleagues(95) showed a multiplicative interaction between hypertension and 

both anthracyclines and chest-directed radiotherapy, highlighting the need to remain vigilant 

for hypertension in survivors otherwise at risk for heart failure related to previous treatments  

for cancer.

Regarding the risk of peri-pregnancy ALVD or heart failure, we identified a meta-analysis of 

six studies of moderate-quality evidence that suggested that pregnant survivors of CAYA cancer 

without a previous diagnosis of chemotherapy-related cardiac dysfunction were at low risk of 

developing ALVD or heart failure during pregnancy (incidence 0·24%, 95% CI 0–0·81%), whereas 

the risk was substantial in those with a previous diagnosis of chemotherapy-related cardiac  

dysfunction (28%, 15–44%).(31)

We identified one systematic review and four additional studies investigating 38 genetic variants 

possibly associated with risk modification of ALVD and heart failure in survivors of CAYA cancer 

treated with anthracyclines (appendix pp 243–52). Of these 38 variants, only RARG rs222977432,(90) 

and UGT1A6 rs1786378333,(34,90) had moderate- quality evidence to support an association with 

an increased risk of ALVD or heart failure in anthracycline-exposed survivors of CAYA cancer  

(appendix pp 309–18).
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Diagnostic value of surveillance modalities for ALVD

Due to the relatively low cost and widespread availability, two-dimensional (2D) echocardiography 

has been the preferred ALVD surveillance modality in survivors of CAYA cancer. The emergence 

of CMR and serum bio- markers prompted us to review the evidence regarding the use of these 

modalities for cardiomyopathy surveillance assessments in survivors of CAYA cancer. Although CMR 

is known to have less inter-observer and intra-observer variability than echocardiography, we found 

moderate- quality evidence supporting reasonable agreement between CMR and motion-mode 

echocardiography (mean difference in absolute LVEF ranging from 3·1% to 5·5% lower by CMR), 2D 

echocardiography (mean difference in absolute LVEF ranging from 1·8% to 5·4% lower by CMR), 

and three-dimensional (3D) echocardiography (mean difference in absolute LVEF ranging from 1·1% 

higher to 7·7% lower by CMR).(35–37) No studies on the survivors of CAYA cancer directly compared 

2D to 3D echocardiography. However, studies from the general population suggest that although 

2D LVEF had higher variance than 3D LVEF, both echocardiographic modalities had low average bias 

compared with CMR-measured LVEF (2D LVEF 0·1%; 3D LVEF 0·0%).(38,94)

Several studies have investigated associations between serum biomarkers and asymptomatic 

cardiomyopathy in survivors of CAYA cancer. In general, biomarkers showed relatively low sensitivity 

and high specificity in survivors of CAYA cancer. Numerous studies reported low sensitivity (8–32% 

excluding a single study in which the abnormal threshold was not defined) and high specificity 

(81–100%) for N-terminal pro-brain natriuretic peptide compared with either echocardiography 

or CMR for detection of asymptomatic cardiomyopathy.(36,39–48) We identified only one study, 

of low-quality evidence, that reported moderate sensitivity (63%) of atrial or brain natriuretic 

peptide for asymptomatic cardiomyopathy in survivors of CAYA cancer.(50) Moderate-quality 

evidence suggested that troponin T and troponin I have low sensitivity (0–50%) for asymptomatic 

cardiomyopathy in survivors of CAYA cancer.(39,40,42–44,47–49)

Cost-effectiveness of cardiomyopathy surveillance

We identified three studies that investigated the cost- effectiveness of echocardiography for 

cardiomyopathy surveillance using variably defined groups at risk of cardiomyopathy.(51–53) These 

studies, of moderate-quality evidence, showed that surveillance was cost-effective in survivors of 

CAYA cancer who are at high risk for heart failure but suggested that surveillance performed at any 

frequency in survivors at low risk was either of little benefit or not cost-effective. A study published 

in 2020 specifically evaluated the effectiveness of performing surveillance echocardiograms 

according to the 2015 IGHG-defined, risk-stratified groups of survivors who have been exposed to 

anthracyclines or chest-directed radiotherapy.(53) The study found that the most cost-effective 

strategies were 2-year interval echocardiography in survivors at high risk (ie, survivors who received 

cumulative anthracyclines ≥250 mg/m2, chest-directed radiotherapy ≥35 Gy, or a combination of 

cumulative anthracyclines ≥100 mg/m2 and chest-directed radiotherapy ≥15 Gy) and no surveillance 

in survivors at low risk (i.e., survivors who received cumulative anthracyclines 1–99 mg/m2 or chest-

directed radiotherapy <15 Gy). Both findings remained consistent despite testing a wide range of 

values for model input parameters (e.g., echocardiogram sensitivity or specificity and treatment 
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effectiveness). However, when evaluating the same model input variables in individuals at moderate 

risk (ie, survivors who received cumulative anthracyclines 100 to <250 mg/m2 or chest-directed 

radiotherapy 15 to <35 Gy), the findings were less consistent.(53) Thus, there is only low-quality 

evidence describing the cost-effectiveness of the surveillance of survivors at moderate risk of CAYA 

cancer every 5 years.

Latency to onset of cardiomyopathy

Few studies reported on the latency to onset of ALVD or heart failure after anthracycline or chest-

directed radiotherapy exposure. Although moderate-quality evidence exists reporting the latency 

in survivors exposed to both treatment modalities, the ranges were wide (0·1–35·7 years for ALVD 

and 1–42 years for heart failure), making interpretation of the results difficult.(4,54–60) Moderate-

quality evidence supports an increasing cumulative incidence of heart failure over time in individuals 

exposed to higher doses of anthracyclines,(2,5,14–16,18,20,28,33,51–53,61,62) whereas very low-

quality evidence suggests a plateau in risk of ALVD over time in survivors of CAYA cancer treated 

with doses of less than 250 mg/m2.(52,55,58,63)

Interventions to prevent heart failure in survivors of CAYA cancer

Our search identified one systematic review,(97) which included only one randomized controlled 

trial, evaluating the effect of pharmacological interventions for ALVD identified on surveillance 

echocardiograms. Silber and colleagues(64) conducted a double-blind, randomized, controlled, 

clinical trial comparing enalapril to placebo in asymptomatic anthracycline-exposed survivors of 

CAYA cancer who had one or more cardiac abnormalities identified at any time during or after 

cancer treatment (i.e., fractional shortening ≤29%, 10% decrease in fractional shortening compared 

with before treatment, gated nuclear angiography LVEF ≤55%, decrease in LVEF with exercise, 10% 

decrease in LVEF over time, maximal cardiac index ≤7·4 L/min per m2, and QTc interval ≥440 ms). 

The study found no differences in maximal cardiac index during exercise testing after 1 year of 

treatment (i.e., the primary outcome). As a secondary outcome, the study reported a sustained 

rate of improvement in left-ventricular end-systolic wall stress in the enalapril group (-8·59 g/cm2)  

compared with the placebo group (1·85g/cm2; p=0·033). Notably, compared with individuals 

who received the placebo, those who received enalapril reported significantly higher rates of 

dizziness or hypotension (22% enalapril vs 3% placebo; p=0·0003) and fatigue (10% enalapril vs  

0% placebo; p=0·013).

Given the little high-quality evidence published to inform decision making in survivors of CAYA 

cancer, we turned to clinical-practice guidelines in the general population in which we found 

moderate-quality to high- quality evidence supporting the use of angiotensin converting enzyme 

(ACE) inhibitors(65–70) and low-quality evidence supporting the use of β blockers for preventing 

heart failure in asymptomatic individuals with an LVEF of 40% or less.(68) We found no evidence in 

the guidelines supporting the effective use of pharmacological intervention in individuals within 

the general population with asymptomatic cardiomyopathy and a mildly reduced (40–49%) or 

preserved (≥50%) LVEF.
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We found no studies regarding the effectiveness of physical activity, lifestyle interventions, and 

treatment of traditional cardiovascular risk factors to prevent cardio- myopathy in survivors of CAYA 

cancer with normal left-ventricular function. However, in the general population, the treatment 

of hypertension, diabetes, lipid disorders, and obesity, maintaining physical activity, and reducing 

smoking and alcohol intake are effective in preventing symptomatic cardiomyopathy in individuals 

with normal left-ventricular function (evidence from general-population clinical-practice 

guidelines ranging from low to high quality).(65–73,93) In the general population, ACE inhibitors 

or angiotensin II receptor blockers are effective to prevent heart failure in people with normal 

left-ventricular function and coronary artery disease, atherosclerotic vascular disease, diabetes, or 

hypertension,(65,66,68,69) whereas SGLT2 inhibitors are effective to prevent heart failure in people 

with diabetes at a high risk for cardiovascular disease.(93)

Potential benefits of cardiomyopathy surveillance

When considering the benefits of surveillance, it is important to consider the ability to intervene 

on findings that are atypical. Although direct evidence of the benefits of intervention in survivors 

of cancer is scarce, multiple modelling studies have shown extended survival in survivors of CAYA 

cancer who participated in surveillance programmes when assuming similar treatment efficacy to 

that observed in the general population with asymptomatic cardiomyopathy.(51–53) For example, 

Ehrhardt and colleagues(53) reported a 4–11% reduction in the cumulative lifetime risk of heart 

failure depending on the surveillance strategy used. Such data support a potential benefit in life-

years gained via early intervention for asymptomatic cardiomyopathy identified on surveillance 

echocardiograms in survivors of CAYA cancer.

Potential harms of cardiomyopathy surveillance

Although surveillance echocardiograms are safe and essentially without adverse side-effects, 

they carry a risk of yielding false-positive findings and overdetection of asymptomatic conditions.

(98) False-positive results might lead to unnecessary follow-up testing, cardiology consultation, 

pharmacological intervention, or even stress and anxiety. Although false-positive results have 

negative effects at the patient level, a 2020 modelling study that accounted for costs, including time 

off work associated with false-positive test results, found that surveillance remained cost-effective 

at the population level.(53)

Evidence-to-decision framework and recommendations

Who needs cardiomyopathy surveillance?

Overall, the balance between the benefits and harms of cardiomyopathy surveillance are dependent 

on the risk of heart failure (figures 2, 3). In survivors at high risk of CAYA cancer treated with at least 

250 mg/m2 of anthracyclines, at least 30 Gy of chest-directed radiotherapy, or a combination of 

both, the benefits clearly outweigh the harms. Therefore, we strongly recommend cardiomyopathy 

surveillance in this risk group. We also recommend cardiomyopathy surveillance in survivors 

at moderate risk of CAYA cancer treated with 100–249 mg/m2 of anthracyclines or 15–29 Gy of 
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chest-directed radio- therapy (moderate recommendation). Conversely, we identified evidence 

suggesting that survivors at low risk treated with less than 100 mg/m2 of anthracyclines and less 

than 15 Gy of chest-directed radiotherapy were not at a clinically significant increase of risk of heart 

failure compared with unexposed survivors and that surveillance was not cost-effective in survivors 

at low risk. Therefore, we no longer recommend universal surveillance for the low-risk group 

(strong recommendation).

We identified moderate-quality evidence supporting changes to the previously estimated 

relative isoequivalencies of anthracycline and anthraquinone derivatives and recommend their use 

in clinical and research practice (appendix p 340). These changes will have important implications 

on risk-group assignment because cumulative anthracycline dose is a key factor in risk-group and 

subsequent surveillance-group stratification.

The identified evidence highlights the importance of baseline cardiac function with respect 

to peripregnancy cardiomyopathy.(31) Accordingly, cardiomyopathy surveillance is reasonable to 

identify the evidence of reduced cardiac function before pregnancy or in the first trimester for 

survivors at moderate risk and high risk of CAYA cancer (moderate-quality evidence; moderate 

recommendation). Additionally, it is reasonable to continue cardiomyopathy surveillance during 

pregnancy in survivors of CAYA cancer with a history of left-ventricular dysfunction that has resolved 

at the time of peripregnancy surveillance, regardless of risk group.

Although we identified two genetic variants from moderate-quality evidence that increase 

the risk of cardiomyopathy in survivors of CAYA cancer treated with anthracyclines, whether 

these variants would reclassify survivors to a higher risk group than when defined by the dose of 

anthracycline and chest-directed radiotherapy is currently unclear. Their effect on the latency to 

onset of cardiomyopathy is also unclear. Therefore, no recommendation could be formulated for 

survivors of CAYA cancer who carry a genetic variant.

What surveillance modality should be used?

Because of its wide availability, low costs, and reasonable agreement with CMR, we recommend 

2D echocardiography, or 3D echocardiography if available, as the primary surveillance modality 

for assessment of LVEF in survivors of CAYA cancer, with normal values based on those reported 

in the general population.(94) CMR, although currently limited by availability, cost, and expertise 

required for interpretation, is a reasonable consideration in situations in which echocardiography 

is not feasible or technically inadequate. Similarly, the use of cardiac blood biomarkers is not 

recommended as the only surveillance modality in at-risk survivors of CAYA cancer and might 

be considered as a supplementary evaluation in those with borderline cardiac function during  

primary surveillance.

At what frequency and for how long should cardiomyopathy surveillance be 

performed?

We recommend surveillance echocardiograms at 2-year intervals for survivors at high risk and 

at 5-year intervals for survivors at moderate risk. We no longer recommend screening survivors 
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at low risk. Given that the highest-quality evidence available supports an increased risk of heart 

failure that does not plateau over time, we continue to recommend lifelong surveillance for 

survivors at intermediate risk and survivors at high risk at intervals supported by cost-effectiveness  

studies (table 1).

What should be done when abnormalities are identified?

The decision to intervene for asymptomatic cardiomyopathy remains challenging and is complicated 

by scarce clear evidence to guide decision making, nuances of detection methods, and the age of 

individuals in question. Given these complexities, we strongly recommend referral to a cardiologist 

for additional evaluation of survivors of CAYA cancer with asymptomatic cardiomyopathy and for 

consideration of treatment with heart failure medications in those with an LVEF of less than 40%. We 

also strongly recommend screening for and the management of modifiable risk factors to mitigate 

the risk of cardiovascular disease.

D I S C U S S I O N
We have systematically identified and summarised changes to existing evidence generated since 

the publication of our 2015 guidelines, graded the quality of these data, and provided evidence-

supported and consensus-based, contemporary recommendations regarding cardiomyopathy 

surveillance in survivors of CAYA cancer to prevent heart failure. We identified novel studies informing 

anthracycline isoequivalency, threshold doses for radiotherapy-associated cardiomyopathy, and 

cost-effectiveness of asymptomatic cardiomyopathy surveillance in this rapidly growing and at-risk 

population. Our findings and recommendations provide much needed support to survivorship and 

community care providers seeking guidance for cardiac monitoring in survivors of CAYA cancer.

Most notably, studies conducted in the past decade have suggested that surveillance 

echocardiograms in variably defined survivors at low risk might be low-yield and not cost-effective.

(51–53,57) The most recent of these studies(53) found that surveillance in survivors at low risk 

according to previously defined IGHG risk-stratified groups,(3) despite inputting a wide range of 

model input variables for which less robust estimates exist (eg, effectiveness of treatment once 

asymptomatic cardiomyopathy is identified), was ineffective at reducing cases of heart failure.

(53) Collectively, these studies have called into question previous surveillance practices. When 

considering our recommendations within the context of a value-based screening framework,(98) 

the panel felt that routine surveillance was no longer warranted in the low-risk group. Supporting 

Table 1. Risk groups and surveillance recommendations

Anthracycline 

(mg/m2)

Chest radiation 

(Gy)

Anthracycline (mg/m2) +

chest radiation (Gy)

Is screening 

recommended?

At what 

interval?

High risk ≥250 ≥30 ≥100 and ≥15 Yes 2-year

Moderate risk 100 to <250 15 to <30 – Maybe 5-year

Low risk >0 to <100 >0 to <15 – No No screening
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evidence for these recommendations estimated the risk of heart failure in survivors with existing 

comorbidities (e.g., hypertension or genetic variants associated with anthracycline- induced 

cardiomyopathy) and thus provided reasonable population-level estimates for cost-effectiveness 

in the context of existing comorbidities. However, we recognise that accumulation of combined 

risk factors can enhance risk at the individual patient level and might merit individualised 

cardiomyopathy surveillance in some patients in clinical practice. In these situations, health- care 

providers should weigh these factors into shared decision making for individual patients. For 

example, as genetic testing becomes more readily available, the presence of variants associated 

with anthracycline- associated cardiomyopathy might affect future surveillance recommendations 

for individual survivors, thus might merit greater awareness moving forward.

Although 2D echocardiography represents the standard approach to cardiomyopathy 

surveillance in both the general population and in survivors of CAYA cancer, we were interested in 

identifying data regarding the use of CMR. We identified no study on survivors of CAYA cancer that 

reported on the effect of advanced detection with CMR on the subsequent development of heart 

failure. Although the heightened sensitivity and precision of CMR offers promise, data regarding 

the benefit of this enhanced sensitivity, including cost-effectiveness evaluations, are absent for 

survivors of CAYA cancer. Thus, we were only able to recommend CMR as an adjunct diagnostic 

evaluation in individuals for whom there remains a high concern for ALVD in the absence of  

definitive changes in LVEF on an echocardiogram or when image quality is suboptimal.

There was scant literature to inform several key clinical questions that should be the focus of future 

investigations (figure 4). Few studies examined the conditional effect of interval echocardiography 

results on future cardio- myopathy risk.(59,74,75,92) Leerink and colleagues(74) evaluated the effect 

of LVEF at entry into long-term follow-up on the 10-year risk of developing an LVEF of less than 40% 

and found that a normal baseline LVEF was highly predictive of normal cardiac function at 10 years. 

Although the study’s relatively small sample size and limited follow-up prohibit adoption of this 

approach into the current guidelines, it represents a crucial first step towards future implementation 

of conditional surveillance approaches for ALVD in survivors of CAYA cancer. 

We found little and low-quality evidence to guide therapeutic intervention when abnormalities 

are identified on surveillance echocardiograms. Our recommendations regarding the use 

of ACE inhibitors and β blockers in individuals with an asymptomatic LVEF of less than 40% are 

thus derived from general-population guidelines. There are no data on survivors of CAYA cancer 

or the general population to support the treatment of individuals with asymptomatic, mildly 

reduced LVEF (i.e., 40–49%) in the absence of comorbidities. Therefore, no recommendations 

could be made for this group. However, we do recommend consultation with a cardiologist for 

anthracycline-exposed or chest-directed radiotherapy-exposed survivors of CAYA cancer who 

have asymptomatic, mildly reduced LVEF or diastolic dysfunction for additional testing, follow-up, 

and consideration of pharmacological intervention. The paucity of literature to inform decisions 

regarding pharmacological intervention highlights the need for randomised trials to inform 

this essential knowledge gap in survivors of CAYA cancer. We also found no evidence to inform 

asymptomatic cardiomyopathy surveillance in survivors treated with novel cancer treatments or 

for the modification of surveillance approaches in those who received concurrent cardioprotective 
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treatment with dexrazoxane. These findings highlight crucial areas for future research to inform 

subsequent surveillance guidelines.

These guidelines are strengthened by their evidence-based approach and the systematic and 

transparent process used for grading the quality of evidence and strength of our recommendations. 

However, in some instances, little high-quality evidence precluded the formulation of strong 

recommendations. In these areas, we turned to general-population guidelines. We believe this 

approach, combined with a study team comprised of diverse clinical backgrounds and health-care 

expertise, has increased the likelihood that our recommendations are generalisable to a broad 

group of providers.

In conclusion, these guidelines identified novel data and summarise recommendations 

regarding changes to anthracycline-related and chest radiotherapy-related surveillance strategies 

for asymptomatic cardiomyopathy in survivors of CAYA cancer.
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S U M M A RY
Cardiac disease is a major concern among the growing group of childhood cancer survivors exposed 

to cardiotoxic cancer treatments. In part I, chapter 2, we reviewed the current state of knowledge 

on cardiac disease in survivors of childhood cancer, discussing risk factors, risk prediction models, 

prevention, surveillance, and management of cardiac dysfunction. 

The goal of surveillance is to prevent heart failure by timely detecting abnormalities in cardiac 

function before heart failure symptoms occur in order to start treatment early and prevent 

deterioration of cardiac function and development of heart failure. Currently, echocardiographic 

surveillance frequency (ranging from every 2 to 5 years) is guided by cumulative exposures to 

anthracyclines and chest-directed radiotherapy.(1, 2) In chapter 3 we demonstrated that risk 

stratification for development of a therapeutically relevant decreased left ventricular ejection 

fraction (LVEF) below 40% within 10 years can be improved by adding the result of an initial 

surveillance echocardiogram to a prediction model including anthracycline and chest-directed 

radiotherapy dose. Overall, the 10-year cumulative incidence of LVEF <40% was 3.7%. Addition of 

the initial surveillance LVEF to the prediction model was most useful for the identification of a low-risk 

group, representing 75% of survivors, in whom less frequent surveillance might be appropriate. In 

addition, survivors with an initial midrange LVEF of 40-49% (14% of the cohort) had an incidence 

of 11% of a LVEF <40% within 10 years compared to 2.6% in survivors with a preserved LVEF. These 

findings indicate that developing cardiomyopathy in the late phase after cardiotoxic treatment may 

be seen as a continuing deterioration of left ventricular function, and that it is worthwhile to include 

signs of a developing cardiomyopathy to the existing clinical prediction models.(3, 4, 5)

Part II of this thesis focuses on blood biomarkers for the diagnosis of cardiac dysfunction in 

childhood cancer survivors. The use of blood biomarkers for long-term cardiac surveillance is 

attractive due to their relative ease of measurement, low costs and time efficiency in comparison 

to echocardiography, but data on their diagnostic use was limited before this thesis. In chapter 

4, we systematically reviewed the literature on the diagnostic accuracy of blood biomarkers for 

the detection of various definitions of LV dysfunction in >1-year survivors of childhood cancer exposed 

to cardiotoxic cancer treatments. Among the 5 included studies, cardiac troponins (troponin T and 

I) were rarely abnormal (lowest cutoff 10 ng/L) even in those with LV dysfunction and therefore 

were not useful for the diagnosis of LV dysfunction. Abnormal N-terminal pro-B-type natriuretic 

peptide (NT-proBNP) levels were encountered more frequently but had insufficient diagnostic 

accuracy in 5 studies for either rule-in or rule-out of asymptomatic LV dysfunction. A study from 

Dixon et al. in 1213 long-term childhood cancer survivors, which was published after this systematic 

review was conducted, found similar results with cardiac troponin T being rarely abnormal (not high 

sensitive) and age and sex defined abnormal NT-proBNP levels having poor sensitivity (≤31% for all 

comparisons) and only moderate specificity for identifying survivors with new onset of an abnormal 

LVEF < 53%,  global longitudinal strain, or diastolic dysfunction (75%, 77%, and 76%, respectively).

(6) However, due to the small range of NT-proBNP cutoffs studied (age and sex defined and 63-125 

ng/L) and the development of highly sensitive cardiac troponin T (Hs-cTnT) assays providing lower 

detection limits and more precision at lower concentrations, we further studied both of these 
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biomarkers for their diagnostic accuracy in detecting cardiomyopathy in the Dutch Childhood 

Cancer Survivor Study, cardiology sub-study (DCCSS LATER CARD). The design of DCCSS LATER 

CARD is outlined in chapter 5. The DCCSS LATER CARD is a prospectively designed, cross-sectional 

multicenter study evaluating diagnostic tools (echocardiography, electrocardiography, and blood 

biomarkers) for the detection of cardiac dysfunction in >5-year survivors of childhood cancer. 

In chapter 6, we studied NT-proBNP and Hs-cTnT for their diagnostic accuracy to detect LV 

dysfunction in the DCCSS LATER CARD cohort. We found age and sex defined abnormal NT-proBNP 

levels in 22.1% of the survivors, compared to 5.4% in sibling controls. Even though we used a highly 

sensitive assay, abnormal Hs-cTnT levels >10 ng/L were uncommon in survivors (5.9%) and not 

significantly different from siblings (5.0%).(6) There were no cut-off plasma concentrations of 

NT-proBNP or Hs-cTnT that accurately ruled-in or ruled-out any definition of LV dysfunction 

(LVEF<45%, LVEF<50% and LVEF<52% in males and LVEF <54% in females). NT-proBNP or Hs-cTnT as 

single biomarkers should therefore not be used for cardiac surveillance in long-term survivors of 

childhood cancer. In clinical practice, decisions are rarely based on the results of a single diagnostic 

test because patient related clinical risk factors can increase or decrease the pre-test probability 

of the disease. Indeed, we found that a multivariable model combining both cardiac biomarkers 

with clinical risk factors significantly improved diagnostic accuracy and enabled rule-out of LV 

dysfunction (LVEF <50%) with high sensitivity and negative predictive value in 18.5% of the survivors 

in our cohort. As the updated cardiomyopathy surveillance guidelines (chapter 9 of this thesis) 

no longer recommends surveillance in low-risk survivors, we showed in a secondary analysis that 

this diagnostic model was also able to rule-out LVEF<50% in 13.1% of moderate- and high-risk 

survivors. Thus, if confirmed by a validation study, NT-proBNP and Hs-cTnT may be clinically 

useful when combined with clinical risk factors to reduce the number of unnecessary surveillance 

echocardiograms. Rule-in of LV dysfunction was not possible with this multivariable model due to 

limited specificity and positive predictive value in our cohort. 

The findings in the previous chapters underline the need to find novel blood biomarkers 

marking other and potentially earlier disease processes in the development of cardiomyopathy due 

to anthracyclines. Therefore, in chapter 7, we systematically reviewed 68 animal studies to unravel 

the role and time course of extracellular matrix remodeling in anthracycline cardiomyopathy. 

Extracellular matrix remodeling and fibroblasts play a crucial role in several types of cardiomyopathies 

in response to pathological stimuli, such as ischemia, pressure overload, volume overload, 

inflammation and toxins, such as anthracyclines.(7) While cardiomyocyte death occurs early after 

anthracycline treatment, extracellular matrix remodeling is especially important in the progression 

from cardiomyocyte injury to late-onset cardiotoxicity. Indeed, more interstitial fibrosis was found 

in animal studies performed longer after anthracycline administration accompanying worse LV 

systolic function. Collagens, matrix metalloproteinases, inflammation markers (such as tumor 

necrosis factor, interleukin 1b and 6, galectin-3) and transforming growth factor ß signaling markers 

were upregulated in the hearts of animals with anthracycline cardiomyopathy. Based on the findings 

in this review and findings in other cardiomyopathies, we recognize three major steps in extracellular 

matrix remodeling in anthracycline-induced cardiomyopathy: 1) activation of the innate immune 

system in response to cardiomyocyte injury, 2) activation of matrix metalloproteinases by the innate 
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immune system that remodel the extracellular matrix, and 3) transforming growth factor ß-induced 

fibroblast to myofibroblast conversion causing interstitial fibrosis. This review provides a rationale 

to investigate extracellular matrix remodeling and inflammatory markers in anthracycline-related 

cardiomyopathy, which we did in chapter 8.

In chapter 8, we searched for novel candidate blood biomarkers for anthracycline-related 

cardiomyopathy using a matched case-control design within the DCCSS LATER study cohort. From 

a panel of 278 plasma proteins marking different pathophysiological processes, we identified 3 

specific inflammatory plasma proteins upregulated in cases with anthracycline cardiomyopathy, 

independently of NT-proBNP and clinical characteristics: C-C motif chemokine ligand 19 (CCL19) 

and 20 (CCL20), and pulmonary surfactant protein-D (PSPD). We found these markers to be similarly 

upregulated in patients with dilated cardiomyopathy that was related to a genetic mutation, which 

suggest that they mark a more common pathway of heart failure progression. Dysregulation of 

the immune system is also reported in previous studies in heart failure due of various etiology.(8) 

Interestingly, other inflammatory markers known to be upregulated in heart failure(8), such as tumor 

necrosis factor, galectin-3, soluble suppression of tumourigenicity-2 (ST2), interleukin 1b and 6, were 

not upregulated in our study in anthracycline cardiomyopathy. Although we did not measure heart 

specific expression of these novel identified plasma proteins, this study suggests dysregulation of 

specific parts of the immune system in chronic anthracycline-related cardiomyopathy that will be 

further explored in future studies.

Part III focuses on the ongoing improvements for cardiac surveillance in childhood cancer 

survivors. In chapter 9, we present the updated cardiomyopathy surveillance guideline from 

the International Late Effects of Childhood Cancer Guideline Harmonization Group (IGHG) 

from 2023. In this updated guideline, we again systematically reviewed the literature and 

graded the level of evidence on the need for surveillance, surveillance modalities, surveillance 

frequency and management of asymptomatic cardiac dysfunction. The main change compared 

to the previous guideline(9) is the recommendation to no longer screen low-risk survivors 

treated with a doxorubicin equivalent dose of <100 mg/m2 and a chest-directed radiotherapy 

dose of <15 Gray as heart failure risk is low and surveillance was found not cost-effective in 

simulation studies.(10, 11, 12) Following the previous guideline, the updated guideline 

recommends to use echocardiography as the primary surveillance modality due to its wide 

availability and low costs, with surveillance intervals of 2 to 5 years in moderate and high-risk 

survivors, respectively. The guideline recommends against the use of cardiac blood biomarkers 

(e.g., natriuretic peptides and troponins) as the only strategy for cardiomyopathy surveillance. 

The results of chapter 6 strengthen this recommendation against the use of blood biomarkers 

only. However, if our multivariable diagnostic model including cardiac biomarkers and clinical 

risk factors developed in chapter 6 can be validated in an independent cohort, biomarker-

based surveillance might be a cost-effective surveillance strategy to consider in future updates 

of the guideline. The guideline further recommends cardiology referral in survivors with 

asymptomatic LV dysfunction and treatment is advised in those with LVEF<40% following heart 

failure guidelines in the general population(3, 4, 5) as evidence on treatment in (childhood) 

cancer survivors was very limited.
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S T R E N G T H S  A N D  L I M I TAT I O N S
Results and conclusions of this thesis are supported by the use of a large and well characterized 

cohort of long-term childhood cancer survivors. In particular, it enabled multivariable modeling of 

blood biomarkers in combination with clinical characteristics.

Another strength of this thesis is the exploration of a novel concept to improve cardiac 

surveillance in childhood cancer survivors. The prediction model presented in chapter 3 is the first 

to include information from an initial surveillance echocardiogram - next to cancer treatment 

exposures - to improve risk stratification for a therapeutically meaningful decline in LVEF below 

40% within 10 years. This is also the first prediction model that predicts an asymptomatic disease 

state (LVEF<40%) that typically precedes heart failure and can be treated to prevent heart failure. 

Although the low number of events in our study underlines the need for confirmation of our findings 

in a larger cohort, we believe that such a conditional approach, where risk predictions are updated 

as survivors age based on echocardiography or other biomarkers, is a promising one that should be 

further explored.

The main limitation of this thesis is that follow-up after blood biomarker sampling was not yet 

available in the Dutch Childhood Cancer Survivors study. This implies that it was not yet possible 

to study whether blood biomarkers might be early indicators of heart failure (i.e., earlier than LV 

function becomes abnormal). Follow-up studies are currently being conducted to answer this 

question. Second, we did not study heart specific expression of the inflammatory biomarkers for 

anthracycline-related cardiomyopathy identified in chapter 8. Third, we focused on predicting 

(chapter 3) or diagnosing (part II) LV dysfunction, as the main preceding event before development 

of heart failure. However, other cardiotoxic events, such as valvular disease and ischemic heart 

disease, can also cause heart failure symptoms and are also frequently encountered in childhood 

cancer survivors.(13, 14)

Implications for long-term survivorship care

The findings of this thesis have important clinical implications for the long-term surveillance 

of childhood cancer survivors. Natriuretic peptides and cardiac troponins should not be relied 

upon as sole diagnostic tests for detecting asymptomatic left ventricular (LV) dysfunction due to 

their limited sensitivity and negative predictive value that is needed for reliable and safe rule-out. 

Instead, a multivariable model that incorporates natriuretic peptides, cardiac troponins, and clinical 

risk factors is more useful to rule-out of asymptomatic LV dysfunction (LVEF<50%) and decrease 

the number of unnecessary surveillance echocardiograms. However, external validation of this 

finding is still necessary before it can be adopted into clinical practice. Also, as shown in chapter 9 

of this thesis, long-term cardiac surveillance is no longer recommended for low-risk survivors who 

were treated with an anthracycline dose less than 100 mg/m2 or chest-directed radiotherapy less 

than 15 Gray. Implementation of this guideline will decrease the number of unnecessary surveillance 

echocardiograms by 23% in the Dutch LATER cohort and by approximately 40% in the Childhood 

Cancer Survivor Study.(10)
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Future perspectives for research

Our recommendations for future studies are as follows. First, the diagnostic performance of 

the multivariable diagnostic model for LV dysfunction developed in chapter 6 should be externally 

validated in an independent cohort. We showed that multivariable models combining clinical risk 

factors (i.e., baseline risk factors) with blood biomarkers measured during follow-up provides 

superior diagnostic accuracy compared to univariable approaches. Hence, we believe that 

multivariable modeling is the way forward. Our diagnostic model could potentially be further 

improved with additional baseline risk factors (e.g., genetics) and factors measured during follow-up 

(e.g., the inflammatory biomarkers identified in chapter 8, electrocardiographic parameters). 

Machine learning algorithms may potentially further improve diagnostic performance because they 

are able to model complex interactions and non-linear effects that may be missed with traditional 

models. Eventually, if such a biomarker-based rule-out strategy can be externally validated, clinical 

usefulness largely depends on whether it is cost-effective in preventing heart failure compared to 

an “echocardiography in all” strategy. This could be addressed in a simulation study given the long 

follow-up required to conduct a randomized controlled trial. 

Second, in this thesis we focused on the diagnostic use of blood biomarkers but they may 

also be useful for prognostication. Indeed, NT-proBNP has been shown to be associated with 

future cardiomyopathy (LVEF <50%) in childhood cancer survivors.(6) Future studies may address 

the prognostic use of (changes in) blood biomarkers next to baseline risk factors (i.e., cancer 

treatment exposures and genetics) for refining risk estimation at cancer treatment completion and 

during scheduled surveillance visits during follow-up. This may help to guide surveillance frequency 

in childhood cancer survivors at risk for heart failure (Figure 1).

Third, the biological role and cellular sources of the 3 inflammatory biomarkers identified in 

anthracycline-related cardiomyopathy in this thesis should be elucidated in preclinical and cohort 

studies. The immune system has been implicated in heart failure due to various causes, including 

Figure 1. Framework for individualized cardiac surveillance in childhood cancer survivors treated with 

cardiotoxic cancer treatments. Risk of cardiac dysfunction is first estimated using baseline risk factors 

known at cancer therapy completion and subsequently updated using cardiac function parameters and 

risk factors obtained during follow-up. Abbreviations: ECG=electrocardiography, yr=years.Risk of cardiac 

dysfunction is first estimated using baseline risk factors known at cancer therapy completion and subsequently 

updated using cardiac function parameters and risk factors obtained during follow-up. Abbreviations: 

ECG=electrocardiography, yr=years.
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anthracycline cardiotoxicity, but beneficial immunomodulating therapies have not yet been found 

possibly due to a lack of a clear or proven target.(8)

Fourth and finally, the benefit of asymptomatic cardiomyopathy surveillance depends on 

whether treatment in early (asymptomatic) stages of heart failure is effective. In the absence of data in 

childhood cancer survivors, cost-effectiveness studies that informed the current cardiac surveillance 

recommendations presented in this thesis used treatment effectiveness of pharmacological 

treatment in the general population with asymptomatic LVEF at or below 40%.(10, 11, 12, 15, 16) 

There is currently no data in childhood cancer survivors showing that treatment of a milder severity 

of LV dysfunction (or guided by a biomarker level) is effective. Future research in childhood cancer 

survivors should 1) find out what represents an early enough sign of cardiomyopathy that warrants 

treatment and 2) subsequently conduct a randomized controlled trial to test the effectiveness of 

treatment to prevent heart failure, or to prevent intermediate outcomes (such as deterioration 

in LVEF or changes in blood biomarker levels) given the long follow-up required before heart  

failure occurs.
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De vijfjaarsoverleving van kinderen met kanker is sterk toegenomen de laatste decennia en 

bedraagt op dit moment meer dan 80%.(1) Helaas krijgen veel overlevenden van kinderkanker 

gedurende hun leven te maken met late effecten van de behandeling.(2) Hartfalen is een belangrijk 

probleem in overlevenden van kinderkanker die blootgesteld zijn aan cardiotoxische middelen zoals 

anthracyclines, mitoxantrone en radiotherapie op de hart. Bijna 11% van de kinderen behandeld met 

deze middelen krijgt hartfalen binnen 40 jaar na kanker.(3) Ook hebben overlevenden een 7 keer 

zo hoog risico op sterfte door aandoeningen van het hart ten opzichte van hun broers of zussen.(4) 

Hoofdstuk 2 van dit proefschrift geeft een uitgebreid overzicht van de huidige literatuur over hartfalen 

in overlevenden van kinderkanker. Onder andere risicofactoren, risicovoorspellingsmodellen, 

preventie, lange-termijn follow-up (surveillance) en behandeling worden besproken.

Hartfalen wordt vaak voorafgegaan door asymptomatische afwijkingen van het hart. Door deze 

afwijkingen van het hart vroeg op te sporen, voordat er klachten ontstaan, kunnen we hartfalen 

mogelijk voorkomen door behandeling vroeg te starten. Daarom krijgen op dit moment alle 

overlevenden van kinderkanker die in het verleden behandeld zijn met cardiotoxische middelen 

elke 2 tot 5 jaar een echo van het hart.(5) Risicostratificatie wordt op dit moment gedaan op basis 

van anthracycline dosis en radiotherapie dosis terwijl iemand met een laag-normale cardiale functie 

tijdens follow-up waarschijnlijk een hoger risico heeft dan iemand met een normale functie van het 

hart. In hoofdstuk 3 lieten we zien dat een laag-normale linkerventrikel ejectiefractie - gemeten met 

een echocardiogram gemiddeld 17 jaar na kanker - sterk voorspellend is voor een belangrijke daling 

in de linkerventrikel ejectiefractie onder de 40% in de daaropvolgende 10 jaar. Het toevoegen van 

de linkerventrikel ejectiefractie aan een predictiemodel met anthracycline dosis en radiotherapie 

dosis bleek met name nuttig voor het identificeren van een laag-risicogroep waarin waarschijnlijk 

minder frequente follow-up nodig is. Alhoewel de resultaten nog gevalideerd moeten worden in 

een groter cohort, is dit de eerste studie die laat zien dat risicostratificatie verbeterd kan worden 

door follow-up echo gegevens mee te nemen in de risicoafweging.

Bloed biomarkers kunnen een kosteneffectieve en tijdsefficiënte methode zijn om 

asymptomatische cardiale dysfunctie op te sporen in overlevenden van kinderkanker. Deel II van 

dit proefschrift gaat hierover. Hoofdstuk 4 is een systematische review van 8 studies waaruit blijkt 

dat natriuretische peptiden en cardiale troponines niet geschikt zijn voor het diagnosticeren van 

asymptomatische linkerventrikel dysfunctie (gemeten met echocardiografie) in overlevenden 

van kinderkanker. Althans, niet met de afkapwaardes die gebruikt werden in deze 8 studies 

(NT-proBNP 63-125 ng/L, troponine T 10-14 ng/L). We besloten deze bloed biomarkers verder 

te onderzoeken in de Dutch Childhood Cancer Survivor Study (DCCSS LATER CARD). DCCSS LATER 

CARD is een prospectieve, cross-sectionele multicenter studie naar methoden (echocardiografie, 

elektrocardiografie en bloed biomarkers) voor het diagnosticeren van cardiale dysfunctie in >5-jaar 

overlevenden van kinderkanker. De studieopzet is beschreven in hoofdstuk 5.

In hoofdstuk 6 onderzochten we NT-proBNP (een natriuretische peptide) en cardiaal troponine 

T voor het diagnosticeren van linkerventrikel dysfunctie in de DCCSS LATER CARD studie. We vonden 

een afwijkende NT-proBNP waarde voor leeftijd en geslacht in 22.1% van de overlevenden van 
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kinderkanker, terwijl maar 5.4% van hun broers en zussen een afwijkende NT-proBNP waarde had. 

Ondanks het gebruik van een zogenaamde “high sensitive” test vonden we afwijkende troponine T 

waardes (> 10 ng/L) in een minderheid van de overlevenden (5.9%) en kwamen afwijkende troponine 

T waardes niet vaker voor dan in hun broers en zussen (5,0%). Verder toonden we aan dat NT-proBNP 

en troponine T alleen niet geschikt zijn om linkerventrikel dysfunctie betrouwbaar aan te tonen 

of uit te sluiten. Echter, niet alleen bloed biomarkers maar ook patiënt kenmerken bepalen in 

belangrijke mate het risico op de aanwezigheid van linkerventrikel dysfunctie. Daarom ontwikkelde 

we in hoofdstuk 6 ook een diagnostisch model dat NT-proBNP en troponine T combineert met 

klinische kenmerken (zoals geslacht, leeftijd, dosis anthracycline en dosis radiotherapie). Dit model 

verbeterde de diagnostische accuraatheid aanzienlijk en maakte het mogelijk om linkerventrikel 

dysfunctie uit te sluiten in 18.5% van de overlevenden van kinderkanker in ons cohort met een hoge 

mate van betrouwbaarheid (dat wil zeggen een hoge sensitiviteit en hoge negatieve voorspellende 

waarde). Als deze bevingen gevalideerd kunnen worden in een ander cohort (externe validatie) dan 

zou dit diagnostische model gebruikt kunnen worden om het aantal onnodige follow-up echo’s 

te verminderen, wat een aanzienlijke kostenbesparing zou betekenen. 

Hoofdstuk 7 is een systematische review van 68 dierstudies waarin we de rol en het tijdsverloop van 

extracellulaire matrix remodellering in anthracycline cardiomyopathie bestudeerde. Extracellulaire 

matrix remodellering speelt een belangrijke rol in het ontstaan van cardiomyopathieën ten 

gevolge van pathologische stimuli zoals ischemie, hypertensie, volumeoverbelasting, inflammatie 

en ook toxines zoals anthracyclines. De geïncludeerde studies vonden in hartweefsel van dieren 

met anthracycline cardiomyopathie meer collageen, matrix metalloproteïnasen, inflammatie 

markers (zoals tumor necrosis factor, interleukine 1ß en 6, galectin-3) en markers betrokken in het 

“transforming growth factor ß-pathway”. Op basis van de bevindingen in deze review onderscheiden 

we drie stappen in extracellulaire matrix remodellering in anthracycline cardiomyopathie: 1) 

activering van het aangeboren immuunsysteem als reactie op anthracycline geïnduceerde schade 

aan het myocard, 2) activering van matrix metalloproteïnasen door het aangeboren immuunsysteem 

die vervolgens de extracellulaire matrix remodelleren, en 3) transformatie van fibroblasten naar 

myofibroblasten - onder de invloed van “transforming growth factor ß” - die grote hoeveelheden 

collageen produceren een daarmee interstitiële fibrose in het hart veroorzaken. Deze bevindingen 

suggereren dat biomarkers voor inflammatie en extracellulaire matrix remodellering mogelijk 

bruikbaar kunnen zijn voor het diagnosticeren van anthracycline cardiomyopathie in mensen. Dit 

hebben we onderzocht in het volgende hoofdstuk. 

Hoofdstuk 8 is een case-controle studie waarin we opzoek zijn gegaan naar nieuwe bloed 

biomarkers voor antracycline cardiomyopathie in overlevenden van kinderkanker. Van de 278 

gemeten biomarkers vonden we 3 specifieke inflammatie biomarkers die in een significant hogere 

concentratie aanwezig waren in bloed van patiënten met anthracycline cardiomyopathie vergeleken 

met controles, onafhankelijk van anthracycline dosis en NT-proBNP. Een van deze gevonden 

biomarkers betrof het zogenaamde pulmonary surfactant proteïne-D (PSPD), een “pattern 

recognition receptor” die onder andere betrokken is in de herkenning van “schade geassocieerde 

moleculaire patronen (DAMPS)� van beschadigde cellen en daarmee een belangrijke rol heeft in het 

initiëren van het aangeboren immuunsysteem als reactie op schade.(6) De andere twee biomarkers 
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betroffen chemokines (CCL19 en CCL20) die chemotactisch zijn voor dendritische cellen en 

specifieke lymfocyten en belangrijk zijn voor het initiëren van het adaptieve immuunsysteem door 

het faciliteren van antigeen presentatie en transport van lymfocyten door het lichaam.(7) Deze 3 

biomarkers vonden we in gelijke mate in patiënten met gedilateerde cardiomyopathie ten gevolge 

van een genetische mutatie in het titine of lamine A/C gen wat suggereert dat deze biomarkers 

in het algemeen betrokken zijn bij cardiomyopathie en niet specifiek zijn voor de effecten van 

anthracyclines. Interessant genoeg vonden we inflammatie biomarkers die eerder beschreven zijn 

in hartfalen (zoals tumor necrosis factor, galectin-3, soluble interleukin 1 receptor-like 1, interleukin 

1b en 6) niet in onze studie in antracycline cardiomyopathie. De betekenis van deze nieuw ontdekte 

biomarkers in de pathofysiologie en (vroeg) detectie van anthracycline cardiomyopathie is nog 

onduidelijk. Hier zal nog verder onderzoek naar gedaan worden in de DCCSS LATER CARD studie. 

Deel III (hoofdstuk 9) van dit proefschrift gaat over de cardiale follow-up na kinderkanker 

en bevat de vernieuwde richtlijn van de International Late Effects of Childhood Cancer Guideline 

Harmonization Group (IGHG). In deze richtlijn staan 4 vragen centraal: 1) bij wie is cardiale follow-up 

noodzakelijk? 2) welke modaliteit moet daarvoor gebruikt worden? 3) hoe vaak is cardiale follow-up 

nodig? en 4) wat moet er gedaan worden als er cardiale afwijkingen gevonden worden? Wat 

betreft vraag 1 is de vernieuwde aanbeveling dat cardiale follow-up niet nodig is overlevenden van 

kinderkanker behandeld met een anthracycline dosis <100 mg/m2 en een radiotherapie dosis op 

het hart <15 Gray omdat cardiale follow-up in deze groep niet kosteneffectief is. Wat betreft vraag 2 

en 3 wordt echocardiografie aanbevolen elke 2 tot 5 jaar vanwege de klinische beschikbaarheid en 

relatief lage kosten ten opzichte van MRI. Vanwege de matige sensitiviteit wordt het gebruik van 

cardiale biomarkers alleen (zoals natriuretische peptiden en troponines) als enige strategie voor 

cardiale follow-up niet aanbevolen. De resultaten uit hoofdstuk 6 ondersteunen deze aanbeveling 

om biomarkers niet alleen te gebruiken. Echter, als ons diagnostische model beschreven in 

hoofdstuk 6 (gebruik makende van onder andere NT-proBNP and troponin T) extern gevalideerd 

kan worden dan zou gebruik van dit model een kosteneffectieve methode zijn om het aantal 

echo’s te verminderen. Wat betreft vraag 4 is de aanbeveling om patiënten met asymptomatische 

linkerventrikel dysfunctie te verwijzen naar een cardioloog (ejectiefractie <52% in mannen en 

<54% in vrouwen). In overlevenden van (kinder)kanker zijn er nauwelijks gerandomiseerde studies 

verricht naar de effectiviteit van behandeling van asymptomatische linkerventrikel dysfunctie.

(8) De aanbeveling voor behandeling is daarom gebaseerd op richtlijnen voor hartfalen in 

de algemene populatie waarin behandeling wordt aanbevolen in patiënten met een linkerventrikel  

ejectiefractie <40%.(9, 10, 11)
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Hierbij wil ik graag een aantal mensen bedanken die een belangrijke bijdrage hebben geleverd aan 

het tot stand komen van dit proefschrift. 

Allereerst alle overlevenden van kinderkanker die deelnamen aan het late effecten onderzoek. Ik 

weet dat het een flinke tijdsinvestering heeft gevraagd. Ik hoop dat dit proefschrift zal bijdragen aan 

het verbeteren van de follow-up na kinderkanker

Beste Wouter, we spraken elke woensdagochtend vaak meerdere uren in jouw kamer tussen 

stapels uitgeprinte artikelen. Vaak kreeg ik ook wat van de stapel mee. Manuscripten werden door 

jou zonder uitzondering zeer nauwkeurig gelezen en voorzien van verbeterpunten, ideeën en 

verwijzingen naar eerdere literatuur. Hierdoor gaf je mij telkens weer een zetje in de juiste richting. 

Beste Lieke, jij was de drijvende kracht achter de LATER CARD studie. Zonder jouw doorpakkers 

mentaliteit en lessen in efficiëntie was dit proefschrift nu nog niet af geweest. Daarnaast heeft je 

statistisch brein vaak geholpen met ingewikkelde analyses. Onze reizen naar congressen in Amerika 

waren heel erg gezellig, hopelijk gaan we snel nog een keer. 

Beste Leontien, je hebt me van het begin af aan ontzettend veel kansen gegeven. Exemplarisch 

daarin is dat je mij als 2e jaars PhD student betrokken hebt in een richtlijn met internationale 

experts waar ik veel van geleerd heb. Daarnaast ben je ontzettend enthousiast over onderzoek en  

dat werkt aanstekelijk. 

Beste Yigal, dit promotietraject is allemaal begonnen na een week met jou op de eerste harthulp 

waar je mij vroeg de “pulsus paradoxus” uit te leggen. Een paar dagen later werd ik uitgenodigd op 

het kantoor van Wouter om dit promotieonderzoek te bespreken. Jouw tips voor het opzetten van 

de case-controle studie waren van groot belang voor het slagen ervan. 

De mede LATER CARD “minions” Remy en Esmee. Het was fijn om wekelijks te kunnen overleggen 

over de voortgang van studie en andere zaken. De reizen naar congressen zal ik ook niet vergeten. 

Hopelijk gaan we snel nog een keer om alle grensverleggende LATER CARD resultaten te presenteren 

en gaat Lieke dan ook mee. Laten we dan een nog duurdere wijn bar bezoeken, ik beloof dan in 

de juiste Uber te stappen. 

De leden van de promotiecommissie, bestaande uit Prof. Chamuleau, Dr. Grotenhuis, Prof. 

Armenian, Dr. Teske, Prof. Kersten, Prof. Zwinderman, dank voor uw bereidheid om met mij van 

gedachten wisselen over de inhoud van dit proefschrift. A special thanks to Prof. Armenian, Dear 
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dat ik je vergeten ben.
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