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FOCUS OF THESIS

Over the past decades survival from breast cancer has substantially improved due to earlier 
diagnosis, more effective systemic treatment and contemporary radiotherapy techniques. 
Currently, the 10-year survival of breast cancer is nearly 80% and the majority of patients 
has a long life-expectancy after treatment. Therefore, it is increasingly important to 
evaluate the occurrence of late adverse treatment sequelae and their impact on diseases 
other than breast cancer. The aims of this thesis were to evaluate long-term cardiovascular 
disease incidence in breast cancer survivors treated during 1970-2009, with a focus on the 
effects of more contemporary systemic treatments and changes in radiotherapy regimens 
over time. Furthermore, in a clinical study we assessed markers for early myocardial 
dysfunction among anthracycline-treated and anthracycline naïve breast cancer survivors 
who were five to twelve years after treatment, in order to identify women at highest risk 
of developing overt cardiovascular disease . 

MAIN RESULTS

In chapter 2 we assessed cardiovascular disease incidence in a large cohort of long-term 
breast cancer survivors and specifically focused on cardiovascular disease risk in patients 
treated with anthracycline-containing (neo)adjuvant chemotherapy and internal mammary 
chain irradiation. The latter is especially relevant as recent studies suggested beneficial effects 
of internal mammary chain irradiation for breast cancer prognosis.1–3 For this study, we 
excluded women treated for their primary breast cancer with trastuzumab or taxanes (with 
or without anthracycline-based chemotherapy, since numbers were too small and follow-up 
was too short to examine the effects of these treatments on cardiovascular disease risks. The 
total analytic cohort comprised 14,645 breast cancer patients aged <61 years treated during 
1970–2009 in the Netherlands Cancer Institute (Amsterdam) or Erasmus Medical Center 
(Rotterdam). Patient and tumor characteristics were obtained through the Netherlands Cancer 
Registry, hospital tumor registries and medical files. Data on prevalence of cardiovascular 
risk factors, cardiovascular disease incidence, and causes of death were retrieved during 
2014-2018 from the medical records and by contacting all patients’ general practitioners 
and, if applicable, cardiologists. We evaluated radiation-associated cardiovascular disease 
risk by comparing specific radiotherapy fields (i.e. right chest wall irradiation, left breast, 
left chest wall, internal mammary chain) to right-sided breast irradiation. We specifically 
chose women who were irradiated to the right breast as our reference group, because the 
no radiotherapy group had a higher cardiovascular disease risk compared to the right-sided 
breast irradiation group (possibly because women in whom radiotherapy was omitted are 
a selected group) and this would have attenuated our risk estimates for the other radiation 
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fields. Internal mammary chain irradiation (interquartile range of typical mean heart doses 
9–17 Gy) was associated with increases in overall cardiovascular disease rate, ischemic heart 
disease, heart failure, and valvular heart disease with hazard ratios (HRs) ranging from 1.6–
2.4. Ischemic heart disease risk remained increased until at least 20 years after treatment, 
patient numbers were too small to assess risks beyond this follow-up period. Anthracycline-
based chemotherapy was associated with a more than 4-fold increased heart failure rate, 
compared to patients without anthracycline-based chemotherapy, with the risk emerging 
within five years after breast cancer treatment and remaining increased at least 10–15 years 
after treatment. Internal mammary chain irradiation combined with anthracycline-based 
chemotherapy was associated with an even higher heart failure rate (HR = 9.23, 95% CI 6.01–
14.18), compared patients who were not treated with internal mammary chain irradiation 
nor with anthracycline-based chemotherapy.
Heart failure risk was studied in more depth in two studies: a second cohort study (chapter 
3), which included breast cancer patients treated in more recent years of diagnosis (2000-
2009) in order to assess the effects of contemporary chemotherapy and immunotherapy 
and modern radiotherapy techniques, and a case-control study of heart failure after 
breast cancer (chapter 4), nested in the cohorts described in chapter 2 and chapter 3. 
The cohort study in chapter 3 included patients treated for early stage breast cancer 
(stage I-III) or ductal carcinoma in situ before the age of 61 years during 2000-2009 in the 
Netherlands Cancer Institute, Amsterdam or the Erasmus MC-Cancer Institute, Rotterdam, 
the Netherlands. Data collection procedures were similar to those in chapter 2. In total 
10,209 women with a median age at breast cancer diagnosis of 50 years were enrolled. 
We found that anthracycline-based chemotherapy was associated with a more than 
2-fold increased heart failure rate compared to those who did not receive anthracyclines. 
Also, for aromatase inhibitors we observed increased heart failure rates compared to no 
endocrine therapy (HR: 2.18, 95% CI: 1.24-3.82). After trastuzumab, heart failure risk was 
highest within the first two years after treatment (HR0-2years: 13.06, 95% CI: 5.70-29.92) and 
decreased thereafter (HR2-4years: 4.84, 95% CI: 1.99-11.75 and HR≥4 years: 0.64, 95% CI: 0.23-
1.81). Additional information on left ventricular function was collected for women who 
developed heart failure during/after trastuzumab administration (n=27) and showed that 
one third of patients (9/27) still had a decreased left ventricular ejection fraction (LVEF<50%) 
at last known measurement (up to nine years after initial heart failure diagnosis). In 12/27 
patients a medical intervention was needed to (temporarily) support cardiac function. In 
3/27 patients LVEF recovered spontaneously when trastuzumab was withdrawn. In all 27 
patients trastuzumab was preceded by anthracycline-based chemotherapy.
The results of our nested case-control study of heart failure risk after breast cancer are 
described in chapter 4. The aim of this study was to assess the shape of the dose response-
relationships between mean whole heart radiation dose and cumulative anthracycline 
dose (i.e. doxorubicin dose-equivalent) and heart failure risk. Furthermore, heart failure 

risks after trastuzumab and endocrine therapies were evaluated. For this study, heart failure 
diagnoses were ascertained from medical charts and through questionnaires sent to the 
general practitioner of each patient in our breast cancer cohort (described in chapter 2 and 
chapter 3). In total, 342 heart failure cases were identified and for these patients we send 
an additional questionnaire to the patient’s cardiologist to confirm heart failure diagnosis. 
Heart failure was defined as either dilated cardiomyopathy or heart failure with reduced 
LVEF (<50%) or a ≥10% drop from baseline LVEF Eventually, 102 cases who developed heart 
failure as a first cardiovascular diagnosis after breast cancer treatment were included in 
the study and 240 cases were excluded based on review of stringent eligibility criteria. For 
each heart failure case, three controls were selected from the cohort, matched on age (≤5 
years) and date of breast cancer diagnosis (≤5 years). In total, 306 controls were matched 
to the cases. Detailed treatment, cardiovascular risk factor and follow-up information were 
collected from oncology notes. Radiotherapy regimens were retrospectively identified from 
individual radiation charts and then reconstructed on a ‘typical CT-scan’ for each woman in 
the study. Mean whole heart dose, mean left ventricle dose and the percent volume of the 
heart receiving ≥5, 10, 15, 20, 25, 30, 35, and 40 Gy (V5-V40) were estimated retrospectively 
using dose-volume histograms by Prof. S. Darby, Dr. C. Taylor and FFRSI F. Duane, Oxford. Rate 
ratios for heart failure were estimated using logistic regression conditional on the matching 
variables. Median age at breast cancer diagnosis of cases and controls was 51 years and 
median time to heart failure diagnosis/cut-off date was 11 years. For heart failure cases who 
received radiotherapy the estimated median mean whole heart dose was 6.8 Gy versus 3.9 Gy 
for controls. Mean whole heart dose was not associated with heart failure risk overall (excess 
rate ratio (ERR) /Gy: 1%; 95%CI -2 to 10%). However, in patients treated with anthracyclines, 
exposure of ≥20% of the heart to ≥20 Gy was associated with a rate ratio of 5.7 (95% CI: 
1.7-21.7) compared to patients in whom <10% of the heart was exposed to ≥20 Gy. Patients 
who received anthracyclines but no trastuzumab had a 6.9-times increased heart failure rate 
(95% CI: 3.5-13.6, adjusted for radiotherapy and endocrine therapy) compared to patients 
not treated with chemotherapy. After anthracyclines and trastuzumab, the heart failure rate 
ratio was 34.9 (95% CI: 11.1-110.1). Heart failure in women who received anthracyclines 
without trastuzumab occurred ˃10 years after diagnosis of breast cancer in 21/33 cases 
while, in contrast, all 14 patients who developed heart failure after trastuzumab occurred 
within the first four years after treatment. We observed a dose-dependent increase in heart 
failure rate with increasing cumulative anthracycline dose in patients who did not receive 
trastuzumab (ERR=1.5% per mg/m2, 95%CI 0.5-4.1). Modelled 10-year cumulative incidence 
was 1.4% for patients treated with a cumulative anthracycline dose of ≤240 mg/m2 and 3.1% 
for patients with a cumulative anthracycline dose of >240 mg/m2.
To determine the shape of the dose-response relationship between mean whole heart 
dose and myocardial infarction rate, we conducted a second nested case-control study 
within our cohort of long-term breast cancer survivors treated during 1970-2009 (see 
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chapter 2 and chapter 3) assessing risk of myocardial infarction as a first cardiovascular 
event after breast cancer (chapter 5) . Myocardial infarction diagnoses in the cohort 
were ascertained from medical files and through questionnaires sent to the general 
practitioner and/or cardiologist. In total 183 patients diagnosed with myocardial 
infarction after breast cancer and 183 controls individually matched on age at breast 
cancer diagnosis (±5 years) and date of breast cancer diagnosis (±5 years) were included 
in the study. Data at breast cancer diagnosis regarding medical history (including prior 
cardiovascular diseases, diabetes and hypertension), smoking history, and body mass 
index (BMI) were abstracted from medical files. Treatment information, including 
surgery, chemotherapy regimen and endocrine therapy, was also collected. Copies of 
radiation charts were obtained for patients who received radiotherapy and the same 
method as in chapter 4 was used to retrospectively estimate typical mean whole heart 
dose, mean left ventricle dose and V5-V40 for each woman in the study (Prof. S. Darby, 
Dr. C. Taylor and FFRSI F. Duane, Oxford). The median age at breast cancer was 50 and 
the median time to myocardial infarction was almost 14 years. Median mean whole 
heart dose was 8.9 Gy (IQR: 4.8-15.0) for cases and 8.5 Gy (IQR: 4.3-12.2) for controls. 
We found that the myocardial infarction rate increased linearly with an increasing 
mean whole heart dose, with an ERR per Gy of 6.4% (95% CI: 1.3%-16.0%). Patients 
who received ≥20 Gy mean whole heart dose had a 3.4-fold (95% CI: 1.5-7.6) higher 
myocardial infarction rate than patients who did not receive radiation. Chemotherapy 
and endocrine therapy were not associated with an increased myocardial infarction 
risk. The ERRs per Gy were higher for younger women, although this association was 
only borderline statistically significant (ERR<45 years: 24.2%/Gy, ERR≥50 years: 2.5%/
Gy, p interaction=0.054). Approximate 20-year cumulative risks were estimated from 
the treatment-specific rate ratio’s together with the cumulative myocardial infarction 
risk for the entire breast cancer cohort. These were 0.9%, 1.8%, 2.1%, 2.5% and 4.2% 
for no radiotherapy and mean whole heart dose categories <2 Gy, 2-9 Gy, 10-19 Gy and 
≥20 Gy, respectively. Whole heart dose-volume parameters (V5-V40) did not modify 
the dose response relation significantly.
As described in chapter 2, chapter 3, and chapter 4, anthracycline-based chemotherapy 
is associated with a dose-dependent increased risk of heart failure. However, the 
long-term incidence of early cardiotoxicity in young breast cancer survivors, without 
significant cardiovascular risk factors at breast cancer treatment, is currently unknown. 
Measures of early myocardial dysfunction are needed to identify patients at increased 
risk of symptomatic cardiac disease and to further develop guidelines for monitoring of 
high-risk patients. We therefore set up the HARBOR study (HARtschade na BORstkanker/
Identifying subgroups with High cArdiovascular Risk in Breast cancer survivORs) in 
which we assessed myocardial dysfunction among long-term breast cancer survivors 
treated with and without anthracycline-based chemotherapy using a comprehensive 

cardiac assessment. Potential study candidates were selected from hospital-based 
cohorts of breast cancer survivors for whom we had previously collected information 
on cardiovascular disease incidence through general practitioners and cardiologists 
(chapters 2 and 3). Women were eligible for the current study if they were treated 
for invasive breast cancer (stage I-III) or ductal carcinoma in situ (DCIS) at ages 40-50 
years in the Netherlands Cancer Institute, Amsterdam or the University Medical Center 
Groningen, and were either 5-7 or 10-12 years after initial treatment. Sixty-three 
percent of invited women provided informed consent and completed the first study visit. 
Participants filled out questionnaires and detailed tumor- and treatment characteristics, 
medical history, previous cardiac evaluation, cardiovascular risk factors, and medication 
use were extracted from medical records, hospital registries, and obtained through the 
participants’ general practitioner. At study visit, participants underwent standardized 
physical examination, blood and urine sampling and electrocardiography. N-terminal pro-
Brain Natriuretic Peptide (NT-proBNP) was measured in serum and transthoracic tissue 
Doppler echocardiography was performed according a standardized acquisition protocol. 
Global longitudinal strain (GLS) was measured using the Arena 2D cardiac performance 
analysis. In total, 569 women were included in the study, of whom 313 women received 
anthracycline-based chemotherapy and 256 did not. At study visit, 277 patients were 
5-7 years and 292 were 10-12 years after breast cancer treatment. Overt signs of heart 
failure (such as pulmonary congestion and/or peripheral edema) were absent at physical 
examination in all screened patients. The median age at breast cancer diagnosis was 
46.7 years and at cardiac assessment it was 55.5 years. Anthracycline-treated patients 
more often had low LVEF (10% versus 4%), impaired GLS (34% versus 27%) and elevated 
NT-proBNP (23% versus 8%) compared to patients who had not received anthracyclines. 
More than half of anthracycline-treated women (54%) had at least one indicator of 
subclinical cardiotoxicity. Both GLS and LVEF declined in a linear fashion with increasing 
cumulative anthracycline dose (GLS: +0.23 and LVEF: -0.40 per cycle of 60mg/m2; 
p<0.001). GLS was worse for patients who had received left breast irradiation. Patients 
who had received 241- 300 mg/m2 anthracycline had the highest probability to have a 
NT-proBNP>125ng/L compared to patients who received no anthracyclines (odds ratio: 
3.30, 95% confidence interval: 1.83-5.96). Although longitudinal assessment of this 
cohort is essential to determine the prognostic value of strain and cardiac biomarkers 
in the development of overt cardiotoxicity, our results suggest that strain and NT-
proBNP are promising early parameters for myocardial dysfunction, since a substantial 
proportion of young BC survivors showed signs of myocardial dysfunction based on GLS 
measurements and NT-proBNP levels, whereas the number of women with a decreased 
LVEF was much smaller. 


