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1
INTRODUCTION

In the Netherlands approximately 15,000 women are yearly diagnosed with invasive 
breast cancer and 1 out of 7 women in the Netherlands will be diagnosed with the disease 
throughout their lifetime. Although the incidence of breast cancer has increased over 
time, the mortality from breast cancer has substantially decreased over the past decades.1 
This decrease is partly due to early detection by screening programs, but mostly the 
result of the development of more effective treatment regimens.2–6 Currently, the 5-year 
and 10-year survival rates after breast cancer are 88% and 79%, respectively. Improved 
survival rates have led to a long life-expectancy for the majority of patients and to date, 
in the Netherlands over 135,000 women are 10-year breast cancer survivors1. Therefore, 
evaluation of long term treatment-related complications and their effects on mortality 
from diseases other than breast cancer, has become increasingly important. Of all late 
complications of breast cancer treatment, cardiovascular disease is considered to be 
one of the most serious adverse effects, associated with both substantial morbidity and 
mortality7–10, which is of even greater importance in view of the increasing background 
risk of cardiovascular diseases among women.11, 12 Anthracycline-based chemotherapy, 
radiotherapy and targeted therapy (i.e. trastuzumab) are known to be associated with 
increased cardiovascular disease risks, but the magnitude of these risks in breast cancer 
patients treated at younger ages and changes of risks over time require further study.6–8, 

13, 14 In this introduction, a short overview of the current understanding of breast cancer 
treatment-related cardiotoxicity is given. Furthermore, today’s gaps in knowledge 
concerning risk factors for long-term treatment-related cardiovascular disease and 
methods for identification of high risk breast cancer survivors are pointed out, which form 
the basis for the objectives of this thesis. 

Anthracycline-related cardiotoxicity
Anthracyclines have been the cornerstone of breast cancer therapy since the early 1990s 
and are among the most effective and commonly used chemotherapy agents in the (neo)
adjuvant treatment for breast cancer.4 Anthracyclines are notorious for their increased 
risk of heart failure and dilated cardiomyopathy13, 15, 16, although the mechanisms of 
anthracycline-related injury to the cardiomyocytes are not completely understood.17 The 
most dominant theory involves the generation of reactive oxygen species, resulting in 
increased oxidative stress, which causes cardiomyocyte apoptosis, thereby decreasing 
the number of myocardial cells. The wall of the left ventricle becomes thinner and the 
contractility of myocardium decreases, leading to depressed overall function of the left 
ventricle.18 Prognosis of heart failure in the general population is generally poor; population-
based studies reported 5-year survival of ~50%,19, 20 although risks do vary substantially 
between patient groups depending on age at heart failure diagnosis, comorbidity and 
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the use of medication21. It is, however, not known what the prognosis is breast cancer 
patients who develop heart failure after anthracycline therapy. The most important risk 
factors for anthracycline-related cardiotoxicity are cumulative anthracycline dose, older 
age (and thereby increasing prevalence of cardiovascular risk factors) and concomitant 
trastuzumab use.15, 16, 22, 23 Studies among breast cancer survivors have shown 1.5-2-fold 
increased risks of heart failure after anthracycline-based chemotherapy at a median follow-
up of 3 to 9 years24–27 and incidence rates of systolic dysfunction range from 1-12%28–31, but 
are difficult to compare across studies due to lack of a uniform definition for cardiotoxicity 
and substantial differences in study populations in terms of age, prevalence of comorbid 
conditions and follow-up time. Studies reporting on long-term anthracycline-related heart 
failure risk are scarce and results are derived from post-hoc/cross-sectional analyses in 
clinical trial populations.32–36 Such studies are prone to selection and survival bias and 
it is therefore not well known whether anthracyclines are associated with an increased 
heart failure incidence beyond 10 years of follow-up. Classic cardiovascular risk factors 
(i.e. hypertension and diabetes) also increase heart failure risk.37 The relevant remaining 
question is whether these factors modify the relationship between anthracycline use 
and the risk of cardiotoxicity in order to be able to identify high risk patients who are 
possibly eligible for cardiac surveillance after breast cancer treatment or for whom omitting 
anthracycline-based chemotherapy may be considered.

Radiotherapy-related cardiotoxicity
Radiotherapy has an important role in breast cancer treatment and has shown to improve 
disease-free survival and overall survival in the Early Breast Cancer Trialists’ Collaborative 
Group meta-analyses.3, 38, 39 However, in these analyses the benefits of radiotherapy were 
partly counterbalanced by the side effects of treatment, mostly adverse cardiac events. 
Radiotherapy is associated with an increased risk of ischemic heart disease, by causing 
damage to the coronary endocytes, which triggers inflammation and is followed by a 
cascade of events that eventually result in accelerated atherosclerosis.40, 41 The results of 
excess cardiac mortality were first derived from studies among patients treated with in 
the 1960s and 1970s, when radiotherapy techniques were used by which large volumes 
of the heart were in the radiation fields42, 43. To date many studies have evaluated the 
extent of long-term effects in terms of cardiovascular morbidity in patients treated with 
more contemporary radiotherapy-techniques (which expose the heart to lower radiation 
doses), but are often limited by insufficient follow-up time or lack detailed radiation dose 
information25, 44–46. In 2013, Darby et al. published one of the first studies relating individual 
cardiac radiation dose to ischemic heart disease risk and found that the risk of a major 
coronary event (i.e. myocardial infarction, coronary revascularization procedure or death 
from ischemic heart disease) linearly increased by 7.4% per Gy increase in mean heart 
dose.47 Their analyses included few women treated at younger ages (almost half of included 

women were ≥60 years at breast cancer diagnosis) and confirmation of these results in 
an independent study population including also women treated at younger ages (i.e. <50 
years) is needed to enable individual prediction of radiation-related ischemic heart disease 
risk.

Trastuzumab-related cardiotoxicity
The addition of trastuzumab to (neo-)adjuvant systemic therapy has significantly improved 
breast cancer survival for women with human epidermal growth factor receptor 2 (HER2) 
positive breast cancer.6, 48–50 Trastuzumab was included in the Dutch treatment guideline 
in 2005. However, clinical trials51–54 and population based studies24, 55, 56 showed that 
trastuzumab is associated with increased risks of systolic dysfunction (i.e. decreased 
ejection fraction) and heart failure. Although the published absolute cardiotoxicity risks 
do not outweigh the significant benefits of trastuzumab, it is important to study long-term 
effects of trastuzumab treatment now that follow-up data have become more mature. 
Furthermore, previous studies showed that trastuzumab-related cardiotoxicity most often 
occurs during or shortly after treatment and that the effects are temporary as in most 
patients cardiac function improves when the drug is stopped.57 Robust data supporting 
these findings are needed in order to be able to tailor cardiac screening guidelines for 
trastuzumab-treated patients.

Methods for detection of treatment-related cardiotoxicity
Currently, the left ventricular ejection fraction -an indicator of systolic left ventricular 
function- is the most commonly used measure in clinical practice for detection and 
management of breast cancer treatment-related cardiotoxicity.28–30 The ejection fraction, 
however, can underestimate the actual cardiac damage, because the compensatory reserve 
of the myocardium can enable adequate ventricular output, even when cardiomyocytes 
are severely damaged and dysfunctional.58 Therefore, left ventricular ejection fraction 
decline can occur as a late manifestation of progressive subclinical cardiac injury and more 
sensitive methods to detect early cardiotoxicity are needed. To date, many studies have 
been done to examine the role of biomarkers and new imaging techniques for prediction 
of subsequent cardiovascular disease59–67. However, long-term, prospectively collected 
follow-up data are scarce and of paramount importance to further develop evidence-based 
guidelines for cardiac surveillance of breast cancer survivors and identify those at highest 
risk of developing overt cardiovascular disease.
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Rationale and outline of thesis
The objectives of this thesis are to evaluate long-term cardiovascular disease risk associated 
with breast cancer treatment modalities used in the past four decades, investigate the 
prevalence of subclinical cardiotoxicity in a cohort of young breast cancer survivors, and 
evaluate methods for early detection of treatment-related cardiovascular disease. In 
addition, this thesis aims to evaluate the interaction between different potential cardiotoxic 
therapies and modification of treatment-related risks by classic cardiovascular risk factors.
In chapter 2 we study risks of specific cardiovascular diseases (ischemic heart disease, 
valvular heart disease, and heart failure) associated with radiation of the internal mammary 
chain and anthracycline-based chemotherapy in a large cohort of long-term breast 
cancer survivors treated during 1970-2009 for whom we had collected information on 
cardiovascular disease incidence and cause of death through general practitioners and 
cardiologists. In chapter 3 we evaluate heart failure risks after contemporary systemic 
treatments used during 2000-2009 in more detail in a second cohort study and investigate 
the interaction between trastuzumab and follow-up time. In chapter 4 we show the 
results of a nested case-control study of heart failure after breast cancer treatment. The 
relation between radiation, anthracycline dose, and heart failure rate were modeled using 
individual cardiac radiation doses and cumulative anthracycline doses. In chapter 5, we 
describe the results of a second nested case-control study assessing the shape of the dose-
response relationship between cardiac radiation dose and myocardial infarction rate. This 
analysis also assessed interactions between radiotherapy and anthracyclines on the one 
hand and radiotherapy and classic cardiovascular risk factors on the other. Findings of our 
large clinical study in which 569 patients underwent a comprehensive cardiac assessment, 
including urine and blood sampling, echocardiography and strain imaging and vascular 
ultrasound, 5-12 years after treatment in the Netherlands Cancer Institute or University 
Medical Center Groningen are shown in chapter 6. Here, we assessed associations between 
cumulative anthracycline dose and left ventricular ejection fraction, global longitudinal 
strain and NT-proBNP (markers for myocardial dysfunction) and potentials modifiers of 
these associations were investigated.
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